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Th i s  r e p o r t  p r e s e n t s  t h e  resea rch  conducted by Becton, Dickinson and 
Company dur ing  t h e  pe r iod  of August 1, 1969, through December 31, 1971, 
i n  suppor t  of t h e  p l a n e t a r y  quaran t ine  requirements  of the  Na t iona l  
Aeronautics  and Space Adminis t ra t ion .  Kesearch management was i n i t i a l l y  
provided under Contrac t  NAS8-24513 by Dr. G.  Briggs P h i l l i p s ,  D i r e c t o r ,  
Recton, DieAinson Research Center  (BDRC), and D r .  J .  J .  T u l i s ,  D i r e c t o r ,  
~ ~ l i c r o b i o l o g i c a l  Sciences  Department, BDRC, a c t i n g  a s  P r o j e c t  O f f i c e r  and 
A s s i s t a n t  P r o j e c t  O f f i c e r ,  r e s p e c t i v e l y .  During t h e  ex tens ion  of t h e  
c o n t r a c t  work,research management was provided by D r .  J. J.  T u l i s  and 
D r .  D. J. Daley, Kesearch Assoc ia te ,  Mic rob io log ica l  Sciences Department, 
BDRC, a c t i n g  a s  P r o j e c t  O f f i c e r  and A s s i s t a n t  P r o j e c t  O f f i c e r ,  r e s p e c t i . ~ e l y .  
The s u b j e c t  r e sea rch  program was conducted as a c o n t i n u a t i o n  of t h e  previous  
one-year c o n t r a c t  wi th  NASA Headquarters  (NASw-1764) and was funded by 
Marshal l  Space F l i g h t  Center  ( ~ Z S F C ) ,  H u n t s v i l l e ,  Alabama. 
Technical  b r i e f i n g s  on t h e  s t a t u s  of t h e  c o n t r a c t  r e sea rch  were presen ted  
a t  t h e  NASA Spacecra f t  S t e r i l i z a t i o n  i-.,ciinology Seminars h e l d  a t  Las Vegas, 
Nevada, i n  September, 1969; A t l a n t a ,  Georgia,  i n  May, 1970; Williamsburg, 
V i r g i n i a ,  i n  December, 1970; and S e a t t l e ,  Washington, June,  1971. 
Previous  s t u d i e s  conducted under Contrac t  NASw-1764 demonstrated t h e  f e a s i b i l i t y  
of i n t e r n a l  s t e r i l i z a t i o n  of e l e c t r o n i c  p o t t i n g  cc~mpounds us ing  formaldehyde- 
l i b e r a t i n g  sy2the  t i c  r e s i n s  and polymers. Research c a r r i e d  o u t  from ambient 
t o  125C i n d i c a t e d  t h a t  t h e  polymer, paraformaldehyde, was cons ide rab ly  more 
e f f e c t i v e  as a s : : e r i l i z i n g  agen t  than  were t h e  formaldehyde r e s i n s  urea 
formaldehyde, melsmine formaldehyde, o r  phenol formaldehyde. 
Experimental v e r i f i c a t i o n  f o r  i n t e r n a l  s t e r i l i z a t i o n  of p o t t i n g  compound was 
obta ined us ing  a spore-embedding technique  developed f o r  t h e  purpose. The 
p o t t i n g  compound RTV-3140 (Dow Corning) was used a s  a  r e p r e s e n t a t i v e  
e l e c t r o n i c  m a t e r i a l  f o r  these  s t u d i e s  s i n c e  i t  possessed a number o f  
c h a r a c t e r i s t i c s  which made i t  very convenient  f o r  embedding and recover ing  
test organisms. P re l iminary  s t u d i e s  were a l s o  conducted us ing  dimethyl  
s u l f o x i d e  (DMSO) i n  con junc t ion  wi th  monomeric formaldehyde and r e s u l t s  
i n d i c a t e d  t h a t  s p o r i c i d a l  a c t i v i t y  was enh- -ed us ing  t h i s  combination. 
The s u c c e s s f u l  completion of Con t rac t  NASw-1764 l e d  s y s t e m a t i c a l l y  t o  t h e  
program repor ted  h e r e i n .  These d a t a  a r e  concerned wi th  t h e  r e s u l t s  of a  
sc reen ing  program conducted t o  s e l e c t  c a n d i d a t e  c a r r i e r  m a t e r i a l s  from 
v a r i o u s  f l i g h t  approved compounds, s t e r i l a n t  a d d i t i v e s  from v a r i o u s  
formaldehyde b leach ing  r e s i n s  and polymers, and cand ida te  test  s y s  tems 
f o r  v e r i f i c a t i o n  of i n t e r n a l  s t e r i l i t y  o f  m a t e r i a l s  and s u r f a c e  s t e r i l i t y  
a f  mated components. I n  a d d i t i o n ,  s t u d i e s  inc luded  an e v a l u a t i v e  program 
on t h e  s t e r i l i z i n g  e f f i c i e n c y  of model s t e r i l a n t - c a r r i e r  systems a s  a  
f u n c t i o n  of  t ime and tempera ture ,  a d d i t i v e  c o n c e n t r a t i o n ,  mois tu re  and 
p e n e t r a b i l i t y  ( i . e . ,  o f  mated and occluded s u r f a c e s ) .  During t h e  p a s t  
y e s r ' s  ex tens ion ,  s t u d i e s  were conducted on t h e  s t e r i l i z a t i o n  of b a c t e r i a l  
spores  on exposed and ba r r i e r -enc losed  s u r f a c e s  as a f u n c t i o n  of precondi- 
t i o n i n g  ar?d exposure l e v e l s  of humidity and temperature a t  low c o n c e n t r a t i o n s  
-,. 
I .  
of formaldehyde. A s  a p a r t  of  t h i s  s t u d y  'a .r;lumber of t r i a l s  were conducted 
on t h e  co ld  s t e r i l i z a t i o n  o f  exposed s u r f a c e s  of a s p a c e c r a f t  mock-up housed 
w i t h i n  a 24 f o o t  diameter  chamber a t  MSFC. 
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This r e p o r t  documents a l l  of t h e  in-house and f i e l d  t r i a l s  conducted 
dur ing t h e  course  of t h e  o r i g i n a l  c o n t r a c t  (NAS8-24513) and i ts  ex tens ion  
and is submit ted  as a  f i n a l  r e p o r t  on t h e  completed c o n t r a c t  work. 
The e x p e r i m e n t a l  s t u d i e =  which have geen completed d u r i n g  t h e  p e r i o d  of t h i s  
c o n t r a c t  e f f o r t  halye cu lmina ted  I n  t h e  f o l l o w i n s  p e r t i n e n t  f i n d i n g s :  
f e a s i b i l i t y  was e s t a b l t s h e d  f o r  a d d i t i o : ~  o f  fo rma ldehyde - - l i be ra t ing  
chemica l  s t e r i l a n t 5  t o  s e l e c t e d  p o t t i n g  compounds, s e a l a n t s ,  and 
sdhes  i v e s  . 
a f u r t h e r  6v idence  was o b t a i n e d  which conf i rmed t h a t  t h e  po lymer ic  
form df monomeric forinaldehyde, i. e. , paraformaldehyde,  was c o n s i d e r a b l y  
?,lore e f f e c t i v e  ac, a  s t e r i l i z i n g  a g e n t  than  were t h e  s y n t h e t i c  r e s i n s .  
e x p e r i m e n t a l  v e r i f i c a t i o n  f o r  i n t e r n a l  s t e r i l i z a t i o n  was o b t a i n e d  
by employing a  spore-embedding t e c h n i q u e  deve loped  f o r  t h i s  purpose .  
r e s u l t s  i n d i c a t e d  t h a t  a l t hough  t h e  v a r i o u s  s t e r i l a n t  a d d i t i v e s  
t e s t e d  ( i .  e . ,  paraformaldehyde ,  melamine formaldehyde,  and u r e a  
formaldehyde)  c o n t a i n e d  t h e  same amounts o f  a v a i l a b l e  formaldehyae 
r e s i d u e ,  s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  thermal  r a t e  of  release 
p rov ided  g r o s s l y  d i f f e r e n t  s t e r i l a n t  s y s  t e m s .  
t h e  f e a s i b j - l i t y  of  s t e r i l i z i n g  occ luded  a r e a s  o f  s p a c e c r a f t  
conlponents h a s  been  demons t ra ted  w i t h  t h e  u s e  of a  paraformaldehyde-  
t r i c h l o r o e t h y l e n e  s p r a y .  
p o t t i n g  compound-s te r i lan t  and  l u c i t e - s t e r i l a n t  m i x t u r e s  proved  
i n h i b i t o r y  a g a i n s t  b o t h  Gram p o s i t i v e  and n e g a t i v e  microorganisms.  
i n d i r e c t  ev idence  was o b t a i n e d  from s t u d i e s  on t h e  l o s s  o f  
formaldehyde from p o t t i n g  compound-s te r i lan t  and  l u c i t e - s t e r i l a n t  
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mix tu re s  which s u g g e s t e d  t h a t  i n t e r n a l  s u b l i m a t i o n  of s t e r i l a n t s  
wi th  outward d i f f u s i o n  of v a p o r i z e d  fortnaldehycle t r a n s p i r e d .  
t h e  s c r e e n i n g  program f o r  s e l e c t i o n  of c a n d i d a t e  c a r r i e r  m a t e r i a l s  
from v a r i o u s  f l i g h t  approved p o t t i n g  compounds, s e a l a n t s ,  and 
a d h e s i v e s  provided  by PISFC was completed.  
* q u a n t i t a t i v e  s t u d i e s  on tile inac t iva- t ion  of b a c t e r i a l  s p o r e s  
2mbedded i n  XTV-3140 t o  whicll 1% paraformaldehyde had been  added 
i n d i c a t e d  t h a t  c u r i n g  f o r  10 t o  12 days a t  ambient  t e m p e r i t u r e  
was s u f f i c i e n t  t o  i n t e r n a l l y  s t e r i l i z e  t h e  p o t t i n g  compound ( i . e . ,  
5  k i l l  10 s p o r e s ) .  
* q u 3 n t i t a t i v e  i n a c t i v a t i o n  s t u d i e s  conducted  w i t h  s p o r e s  embedded 
i n  2TV-3140 and Ctlern S e a l  3547 confirmed t h a t  paraformaldehyde  was 
t h e  mpst e f f e c t i v e  s o u r c e  of monomeric formaldehyde fo l lowed  by 
u r e a  formaldehyde and melamine formaldehyde, r e s p e c t i v e l y .  
d a t a  h a s  been  o b t a i n e d  on t h e  p e n e t r a b i l i t y  of formaldehyde g a s  
through v a r i o u s  b a r r i e r s  c o n t a i n i n g  b i o l o g i c a l  i n d i c a t o r  s t r i p s  
under  c o l d  s t e r i l i z a t i o n  c o n d i t i o n s .  
l a b o r a t o r y  s t u d i e s  have  i n d i c a t e d  t h a t  t h e  i n a c t i v a t i o n  of s p o r e s  
embedded i n  KTV-3140 p o t t i n g  compound o c c u r s  a t  p r o p o r t i o n a l l y  s l o w e r  
rates as t h e  r e l a t i v e  humidi ty  of p r e c o n d i t i o n i n g  and  c u r i n g  a tmospheres  
i n c r e a s e s .  
exposu re  o f  mated s u r f a c e s  of aluminum and s t a i n l e s s  s tee l  t u b i n g  
c o n n e c t o r s  t o  0.1 and 1% paraformaldehyde-trichloroethylene s p r a y  
r e s u l t e d  i n  a  1-2 l o g  r e d u c t i o n  of inocu;?  A . p o r e s  o v e r  a 168 hour 
exposure  p e r i o d .  
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similar exposures of occluded s u r f a c e s  o r  th reads  of alumisum o r  
s t a i n l e s s  s t e e l  tubing connectors  r e s u l t e d  i n  t o t a l  o r  n e a r  t o t a l  
k i l l  of spores  i n  48 hours wi th  1% paraformaldehyde-tr ichloroethylene 
spray o r  72 hours wi th  0.1% paraformaldehyde-tr ichloroethylene spray .  
through repeated  f i e l d  t r i a l s  exp lo r ing  s t e r i l i z a t i o n  parameters ,  
the  f e a s i b i l i t y  of s t e r i l i z i n g  a s p a c e c r a f t  mock-up, t h e  Technology 
F e a s i b i l i t y  Spacecra f t  (TFS) , :Jas d e m o n s l ~ a t e d .  The TFS, a ;:?-foot 
diameter  mock-up, was housed i n  a  24-foo: d iameter  gas  t i g h t  
chamber of approximately 158 m3, 
an e f f e c t i v e  p o r t a b l e  gas g e n e r a t o r  system ( l e s s  than 25 l b s . )  wi th  
a s s o c i a t e d  f i l t e r s  and blowers was designed and f a b r i c a t e d  f o r  
s t e r i l i z i n g  t h e  TFS. 
a  f i l t r a t i o n  system and h igh ly  e f f i c i e n t  chemical n e u t r a l i z a t i o n  
system f o r  formaldehyde gas were developed. 
e a 50 cub ic  f o o t  l a b o r a t o r y  p ro to type  chamber, equipped wi th  a  
Company f a b r i c a t e d  g e n e r a t o r  and f i l t r a t i o n  system, was used 
f o r  parametr ic  s t u d i e s  on formaldehyde s t e r i l i z a t i o n .  Concent ra t ions  
of gas from 1 t o  18 m g l l i t e r  were s t u d i e d .  
t h e  i n f l u e n c e  of p recond i t ion ing  spores  a t  v a r i o u s  r e l a t i v e  humidity 
l e v e l s  p r i o r  t o  exposure t o  1.0 mg/l of formaldehyde gas  was more 
n o t i c e a b l e  a t  25C exposure temperature than  a t  40C. 
s t u d i e s  on t h e  e f f e c t  of exposure humidity on formaldehyde a c t i v i t y  
showed t h a t  s p o r e s  on e x t e r n a l  s u r f a c e s  w?re i n a c t i v a t e d  more r a p i d l y  
a t  h i g h e r  exposure humid i t i e s  whereas s t u d i e s  us ing  v a r i o u s  f i l m  
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b a r r i e r s  showed t h a t  p e n e t r a t i o n ,  and hence i n a c t i v a t i o n  of s p o r e s ,  
was more r a p i d  a t  t h e  lower  humidi ty  l e v e l s .  
r e s i d u a l  formaldehyde was n o t  d e t e c t a b l e  on h a r d  s u r f a c e  items a f t e r  
exposu re  t o  a gas  c o n c e n t r a t i o n  of  1 .0  mg/l  and was d i s s i p a t e d  t i i t h i n  
s even  days from s o f t  o r  porous  m a t e r i a l s  a f t e r  a e r a t i o n  a t  a c ~ b i e n t  
c o n d i t i o n s .  
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BACKGROUND 
I n  r e c e n t  yea r s  t h e r e  have been a number of a t t e m p t s  t o  produce c o a t i n g s  
o r  produce a d d i t i v e s  t h a t  w i l l  r e s u l t  i n  m a t e r i a l s  wi th  s z l f - s t e r i l i z i n g  
y r o p e r t i e s  (7,  10) .  General ly,  l i t t l e  o r  no success  i n  achieving s t e r i l i t y  
has  r e s u l t e d  from t h e  use of non-vo la t i l e  o r  low-vapor-pressure chemicals ( 7 ) .  
This  is p r i m a r i l y  because such chemicals  u s u a l l y  r e q u i r e  high mois tu re  
environments f o r  maximum b a c t e r i c i d a l  a c t i v i t y  (3 ,  6 ,  8 ) and, even i n  t h i s  
i n s t a n c e ,  show only l i m i t e d  s ? o r i e i d a l  a c t i v i t y .  On the o t h e r  hand, some 
success  has been exper ienced i n  t h e  development of s e l f - s t e r i l i z i n g  m a t e r i a l s  
t h a t  i n c o r p o r a t e  v o l a t i l e - t y p e  d i s i n f e c t a n t s  ( 7 ) .  Never the less ,  t h e  use fu lness  
of a v o l a t i l e  germicide is  maximized i f  v o l a t i l i t y  i s  very low a t  ambient 
temperatures y e t  s i g 2 i f i c a n t  a t  e l e v a t e d  temperatures below 100C. 
S tud ies  conducted a t  Becto ,~ ,  Dickinson and Company l a b o r s t o r i z s  p r i o r  t o  
i n i t i a t i o n  of t h e  c o n t r a c t  s t u d i e s  demonstrated t h e  p o t e n t i a l  use fu lness  t o  
s p a c e c r a f t  s t e r i l i z a t i o n  problems of o rgan ic  chemicals  c o n t a j n i n g  a ~ ~ o l a t i l e  
chemical germicide. S p e c i f i c a l l y ,  i t  appeared f e a s i b l e  and p r a c t i c a l  t h a t  
s t e r i l a n t  mixtures cauld  be deve'gped t h a t  would be r e l a t i v e l y  i n a c t i v e  a t  
ambient cond i t ions  b u t  when placed a t  moderately e l e v a t e d  temperatures 
would evolve s u f f i c i e n t  amo!ints o f  s t e r i l a n t  t o  j n a c t i v a t e  l a r g e  cumbers 
of b a c t e r i a l  spores .  
The r a t i o n a l e  f o r  our  s t u d i e s  was based on t h e  know' dge t h a t  v a r i o u s  
o rgan ic  r e s i n s  and polymers, when exposed t o  e l e v a t e d  temperature,  w i l l  
r e l e a s e  p o t e n t i a l l y  s t e r i l i z i n g  q u a n t i t i e s  of gaseous formaldehyde a long 
with t h e  requ i red  amount of moisture.  The a c t i v e  iomaldehyde  evolves  
from t h e  o rgan ic  r e s i n  o r  polymer i n  such a rnanner chat  the  r a t e  of  r e l e a s e ,  
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and the re fo re  t he  s t e r i l i z a t i o n  p rocess ,  is a func t ion  of t i m e  and 
temperature. The amount L s t e r i l a n t  gas  and mois ture  r e l e a sed  is 
extremely smal l  and contaminating microorganisms a r e  t h e o r e t i c a l l y  
sub jec ted  t o  i n  s i t u  s t e r i l i z a t i o n  wi thout  untoward e f f e c t s  on t he  
-- 
e l e z t r o n i c  p a r t s ,  mated su r f ace s ,  o r  surrounding a r ea s .  
Tne chemical conipounds under i n v e s t i g a t i o n  possessed t h e  common proper ty  
of l i b e r a t i n g  formaldehyde gas upon e l e v a t i o n  of temperature. Included 
I n  the  s t u d i e s  were r e p r e s e n t a t i v e  compounds of t h e  s y n t h e t i c  r e s i n s  and 
tile polymer, paraformaldehyde. The s y n t h e t i c  r e s i n s  used are r e a c t i o n  
products  of mela l ine ,  u r ea  and phenol wi th  formaldehyde. '13e riijer 
chemiLal p r o p e r t i e s  of paraf  ormaldehyde a r e  l i s t e d  i n  Table I, Appendix. 
Melamine ( 2 , 4 , 6  t r i amine  - 1,3,5 t r i a z i n e )  r e a c t s  under a l k a l i n e  cond i t i ons  
wi th  f-3rmaldehyde t o  g ive  va r ious  methyl01 d e r i v a t i v e s  (16). Because 
s i x  r e zc t i ve  sites a r e  a v a i l a b l e ,  t h e  hexamethylol melamine compound can 
be prepared. However, t h e  most comnonly used product  is the  methylated 
t r ime thy lo l  melamine (16), t h e  s t r u c t u r e  of  which is dep ic ted  i n  Figure  1, 
Appendix. Ca t ion ic  r e s i n s  can be  formed w i t h  melamine formaldehyde under 
a c i d i c  condi t ions  ( IS ) ,  which are used t o  impart  w e t  s t r e n g t h  p r o p e r t i e s  
t o  paper and sh r i nk  r e s i s t a n c e  p r o p e r t i e s  t o  t e x t i l e s .  
The r eac t i on  products  o f  u rea  and formaldehyde a r e  a mixture of mono-methyl01 
u r ea  and di-methyl01 u r ea  (15). The mano-methyl01 urea  compound, wi th  only  
one formaldehyde r e a c t i v e  group, is  n o t  as e f f e c t i v e  i n  impart ing s t a b i l i t y  
t o  c e l l u l o s i c  f a b r i c s  as is t h e  di-methyl01 u r ea  (16),  t h e  s t r u c t u r e  of  
which is  shown i n  Figure  3, Appendix. Urea formaldehyde is used i n  t h e  
paper and t e x t i l e  i ndus t ry  t o  provide  d e s i r e d  p r o p e r t i e s  t o  t he se  m a t e r i a l s ,  
e i t h e r  a s  a precondensate ( i .  e .  , mixture of mono-and di-methyl01 urea)  
which p e n e t r a t e s  t h e  c e l l u l o s e  f i b e r s  t o  form t h e  three-dimensional r e s i n  
i n  s i t u  o r  a s  a p a r t i a l  condensate which does n o t  p e n e t r a t e  t h e  c e l l u l o s e  
-- 
f i b e r s  b u t  i n s t e a d  forms the  three-dimensional  r e s i n  on t h e  f i b e r  s u r f a c e  
( 15). Aqueous urea formaldehyde s o l u t i o n s  d i f f e r  from formalin s o l u t i o n s  
by con ta in ing  methylol  ureas  of low molecular  weight and water -soluble  
x r e a  f o r m a l ~ e h y d e  condensates ;  some f r e e  and l o o s e l y  bound hydra ted  
f ormaldchyde (me thy lene  g l y c s l )  is p r e s e n t  (25) . Aqueous formaldehyde 
( f o r ~ n a l i n )  i s  composed mainly of methylene g l y c o l  and v a r i o u s  polymeric 
hydra tes  (polyoxymethylenes); very l i t t l e  unhydrated monomeric formaldehyde 
is found (19) . 
Tt~e  phenol formaldehyde r e s i n s  r e p r e s e n t  many complex products  which a r e  
produced by r e a c t i n g  formaldehyde wi th  v a r i o u s  pheno l i c  compounds ( 2 2 ) .  
The r e a c t i o n  of formaldehyde wi th  t h e  phenols  can b c  c a t a l y z e d  by bo th  
a c i d i c  and a l k a l i n e  cond i t ions  thereby r e s u l t i n g  i n  p roduc t s  ranging from 
s imple  methylol  and me thy lene  d e r i v a t i v e s  (Figure  3 ,  Appendix) t o  very  
I t  
complex r e s i n s  (23) .  Phenol formaldehyde r e s i n s  a r e  de f ined  2s mixtures  
o f  polymethylene compounds i n  which pheno l i c  r a d i c a l s  a r e  l i n k e d  by 
methylene groups" (24) .  
Paraformaldehyde is def ined  as "a mixture  of ~o lyoxymethy lene  g l y c o l s  
c o n t a i n i n g  from about  90 t o  99 pe rcen t  formaldehyde and a b a l a r c e  
c o n s i s t i n g  p r i m a r i l y  of  f r e e  and combined water" (20).  I t  is n o t  a new 
compound, havfng been f i r s t  prepared  i n  1859 ( 2  ) , and named parhformzldehyde 
i n  1888 (18). The chemical composition of paraformaldehyde is E ~ O W L I  i n  
I t  I 1  Figure  4, Appendix, where n may r e p r e s e n t  from 8 t o  100 formaldehyde u n i t s .  
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Because of t h e  r e l a t i v e  i n s o l u b i l i t y +  of paraformaldehyde i n  ace tone ,  a 
p r o p e r t y  n o t  e x h i b i t e d  by low molecular  weight polyoxymethylene g l y c o l s ,  
t h e  m a j o r i t y  of t h e  polymeric  forms of paraformaldehyde c o n t a i n  more t h a n  
12 formaldehyde u n i t s  (21) .  I n  appearance,  p a r a f  omaldehyde  is a c o l o r l e s s  
s o l i d ,  which may be f l a k y ,  g r a n u l a r ,  o r  a f i n e  powder. A t  ambient tempera- 
t u r e s ,  paraformaldehyde s lowly  v a p o r i z e s  r e l e a s i n g  monomeric formaldehyde 
gas ;  probably accompanied by w a t e r  vapor (11 ) .  The r a t e  of d e p o i y . , ~ e r i z a t i o n  
is  a f u n c t i o n  of h e a t  and a v a i l a b i l i t y  of  polymer ic  end groups ( 2 2 ) ,  s i n c e  
4 11 depolymer iza t ion  occur s  a t  t h e  hydroxyl  end groups as an unzipper ing"  
r e a c t i o n .  Thus, paraformalderlyde composed of h i g h  molecu la r  weight  polymers 
w i l l  evo lve  gas  more s lowly  t h ~ n  t h a t  composed of low molecular  weight  
,.,. , l , l l L ~ r s ,  ..-,-. a l though t h e  depoljrmerizatl.on rate is t h e  same f o r  both .  The end 
r e s u l t  of polymer breakdown is t h e  fo rma t ion  of water from t h e  t e r m i n a l  
methylene g l y c o l  r e s i d u e .  With improvements i n  p rocess ing ,  t h e  parafornialde-  
hyde manuf,?'_ured today h a s  a r e l a t i v e l y  narrow inolecular  weight  range.  
The a p p l i c a t i o n  of formaldehyde gas t o  ir. l c t i v b t e  microorganisms w a s  
determined and p r a c t i c e d  b e f o r e  t h e  t u r n  of t h e  cen tu ry .  One of t h e  f i r s t  
a p p l i c a t i o n s  w a s  u s ing  formaldehyde as a we t  vapor  t o  fumigate  s i c k  rooms 
(14) .  L a t e r  Walker (26) found formaldehyde g a s  t o  b e  e f f e c t i v e  by t h e  
a d d i t i o n  of  a chemical  t o  l i q u i d  fo rma l in  t o  produce t h e  gas .  P e r n o t  (12) 
found success  us ing  formaldehyde gas  t o  s t e r i l i z e  s u r f a c e s  of eggs  i r ,  
i n c u b a t o r s  by adding potass ium permanganate t o  formal in .  I n  1939, 
Nordgren (11) summarized much of  t h e  e a r l y  work concern ing  t h e  e f  f j .cacy 
of formaldehyde gas .  With an i n c r e a s e d  need f o r  a r e a  s t e r i l a n t s ,  vapor i zed  
f ~ r m a l d e h y d e  found e x t e n s i v e  use  a s  a space  and s u r f a c e  s t e r i l a n t  sho~ding  
e f f e c t i v e n e s s  a g a i n s t  b a c t e r i a ,  f u n g i ,  v i r u s e s ,  and r i c k e t t s i a ,  as w e l l  
a s  i n s e c t s  and o t h e r  anlmal l i f e  ( 4 ) .  Three impor tant  f a c t o r s  a s soc i a t ed  
wi th  t h e  p o s i t i v e  a c t i o n  of formaldehyde a s  a gaseous fumigant dur ing t h i s  
e a r l y  pe r iod  were e l eva t ed  temperature,  h igh  r e l a t i v e  humidity, and 
ques t ionab le  pex?e t rab i l i ty  (13). T lese  f a c t o r s  concerning the  a c t i o n  of 
formaldehyde were determined from the  a p p l i c a t i o n  of l i q u i d  formal in ,  
thereby producing a w e t  vapor con ta in ing  formaldehyde gas .  
I n  1956, Ka i tz  < 9 ) in t roduced a unique a p p l i c a t i o n  of formaldehyde gas  
with a procesc t ~ a t  involved t h e  depolymerizat ion of  t \ e  formaldehyde 
polymer, parzformaldehyde, t o  y i e l d  dry formaldehyde gzs f o r  use  i n  a r e a  
and s u r f a c e  s t e r i l i z a t i o n .  I n  1965 Harry ( 5 ) confirmed t he  work of 
Ka i tz  by e f f e c t i v e l y  r i d d i n g  s u r f a c e s  of p c a l t r y  houses of b a c t e r i a l  l i f e .  
L a t e r  Vineland Pou l t r y  I ndus t ry  (19) r s p c r t e d  many a p p l i c a t i o n s  f o r  s u r f a c e  
s t e r i l i z a t i o n  using paraformaldehyde. I n  1969, Taylor  e t  a 1  (17) p resen ted  
a broad s p e c t r u r  of  paraformaldehyde a p p l i c a t i o n s  f o r  s u r f a c e  s t e r i l i z a t i o n  
and d e t o x i f i c a t i o n  us ing dry formaldehyde gas.  
S tud ies  have demonstrated t h ~ t  by us ing t h e  paraformaldehyde polymer, 
s t e r i l i z a t i o n  can be  achieved a t  ambient r e l a t i v e  humidity and temperature 
wi th  no s i g n i f i c a n t  build-up of r e s i d u a l s  o r  obvious damage t o  ma t e r i a l s .  
Aera t ion  of an  a r e a  can be  achieved i n  a r e l a t i v e l y  s h o r t  t i m e  per iod.  
I n  add i t i on ,  i t  has  been determined t h a t  t h e  dry formaldehyde ga s  can 
p e n e t r a t e  c losed  a r e a s  and packaged m a t e r i a l s .  The gas  concen t ra t ion  can 
be c o n t r o l l e d  t o  any d e s i r e d  concen t ra t ion  by weighing exac t  amounts of 
t he  paraformaldehyde c h e ~ i c a l .  This new concept of gaseous formaldehyde 
s t e r i l i z a t i o n  is q u i t e  d i f f e r e n t  from t h e  e a r l y  use  of v a p o r ~ ~ e d  
formaldehyde and has  opened new v i s t a s  f o r  polymer-resin r e s ea r ch  i n  
t h e  f i e l d  of s t e r i l i z a t i o u .  
We a r e  convinced, as o t h e r  i n v e s t i g a t o r s  a r e ,  t h a t  numerous advantages 
accrue  wi th  t h e  use of t h e  dry g a s  a s  compared t o  t h e  vapor ized  formal in .  
Among t h e s e  a r e  e a s e  of handl ing ,  need f o r  less m a t e r i a l ,  no r e s i d u e s ,  
i n s i g n i f i c a n t  a d s o r p t i o n  and repolymerizatkon,  much b e t t e r  p e n e t r a t i o n ,  
a c c u r a t e  q u a n t i t a t i o n ,  i n c o r p o r a t i o n  i n t o  c a r r i e r  m a t e r i a l s ,  and o t h e r s .  
The r e s u l t s  of s t u d i e s  r e p o r t e d  h e r e  have suppor ted  our  conv ic t ion  t h a t  
t h e  use  of dry formaldehyde g a s  can be f u r t h e r  extended t o  t h e  s t e r i l i z a t i o n  
of s p a c e c r a f t  s u r f a c e s ,  p a r t s ,  and m a t e r i a l s .  
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METHODS AND MATERIALS 
S e l e c t i o n  of Candidate C a r r i e r  M a t e r i a l s  
S t u d i e s  were i n i t i a l l y  conducted on t h e  s c r e e n i n g  and s e l e c t i o n  of 
s u i t a b l e  s t e r i l a n t  c a r r i e r  m a t e r i a l s  from a number of adhes ives ,  s e a l a n t s ,  
c o a t i n g s ,  and p o t t i n g  compounds. The i r  s u i t a b i l i t y  f o r  use  was determined 
by s e v e r a l  c r i t e r i a  i n c l u d i n g  p h y s i c a l  p r o p e r t i e s  ( c o l o r ,  odor,  e t c . ) ,  
hand l ing  p r o p e r t i e s  ( v i s c o s i t y  , mixing, e  t c .  ) , cur ing  p r o p e r t i e s  (bubble 
format ion ,  cu r ing  t i m e ,  exothermic r e a c t i o n s ,  m o l d a b i l i t y ,  e t c . )  and pos t -  
c u r e  c h a r a c t e r i s t i c s  (handling,  e a s e  of g r i n d i n g  o r  c u t t i n g  f o r  removal 
of organisms, e t c . ) .  It was e s s e n t i a l  t h a t  t h e  s t e r i l a n t  c a r r i e r s  s e l e c t e d  
n o t  be h i g h l y  exothermic and be  convenient ly  handled  and manipulated by 
procedures f o r  embedding and recover ing  of spores  dur ing  i n t e r n a l  s t e r i l i -  
z a t i o n  s t u d i e s .  The p o t t i n g  compound RTV-3140 (Dow Corning) possessed  a 
number of f a v o r a b l e  c h a r a c t e r i s t i c s  and w a s  used e x t e n s i v e l y  f o r  e x p l o r a t o r y  
work performed dur ing  t h e  c o n t r a c t  f e a s i b i l i t y  s tudy  (NASw-1764). Since 
t e s t i n g  of a  v a r i e t y  of compounds was beyond t h e  scope of t h e  i n i t i a l  s t u d y ,  
t h i s  t a s k  was conducted as a p a r t  of t h e  pres,nt i n v e s t i g a t i o n , .  Candidate 
c a r r i e r  m a t e r i a l s  e v a l u a t e d  inc luded  t h e  fo l lowing:  
L u c i t e  
S t y c a s t  2850 GT wi th  c u r i n g  agen t  (Emmerson & Cuming) 
Polyurethane w i t h  c u r i n g  agent  7139 (Whit taker  Corp.) 
Resin C-1 w i th  a c t i v a t o r  E (Armstrong Prod. Co.) 
Compound 3547 (Chem S e a l  CorpJ 
Epoxy Resin Adhesive A-Z (Armstrong Prod. Co. ) 
Napcofoam Urethane w i t h  c u r i n g  a g e n t  (Napco Chem.  Co.) 
PR-1535, P a r t s  A and B (Product  Research & Chem. Co.) 
PR-1538, P a r t s  A and B (Proauct  Research & Chem. Co.) 
Eccofoam FPH #I78 (Emerson & Cuming) 
Rigidax Flakes 
Aluminum 2014 wi th  adhes ive  f i l m  (Bloomingdale HT 424) 
RTV-118 (General E l e c t r i c  Co.) 
RTV-731 (Dow Corning) 
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Each of  t h e  above m a t e r i a l s  was prepared  accord ing  t o  manufacturer ' s  
d i r e c t i o n s  and eva lua ted  f o r  u s e f u l n e s s  according t o  t h e  s t a t e d  c r i t e r i a .  
The major i ty  of compounds t e s t e d  were r e j e c t e d  on t h e  b a s i s  of f a i l u r e  
t o  comply wi th  one o r  more requirements  such as  e a s e  of mixing a c t i v e  
i n g r e d i e n t s  and/or  a d d i t i v e s ,  e a s e  of manipula t ing  uncured m a t e r i a l ,  no 
excess ive  en t rapp ing  of bubbles ,  o r  e a s e  of recovery of embedded s p a r e s  
by e s t a b l i s h e d  methods. 
I n  t h e  p r e p a r a t i o n  of l u c i t e ,  p re l iminary  tests were' conducted wi th  
s e v e r a l  monomer and ground polymer combinations t o  determine t h e  optimum 
type  and r a t i o  of subs tances  t o  use. The ground polymers t2s t e d  were: 
* "Quickmount" polymer and monomer k i t  (Ful ton  M e t a l l u r g i c a l  
Producrs  Corp. ) 
Transop t i c  powder 20-3400 (Buehler,  Ltd. ) 
Methyl me thacry la te  M-215 ( F i s h e r  S c i e n t i f i c  Co.) 
The mondmer used was methyl me thacry la te  monomer 112 (Dupont Chemical Co. ) . 
L u c i t e  rods  were formed according t o  t h e  method of Angelot t i ,  et  a1 ( 1 ). 
Equal p a r t s  of Dup0r.t methyl me thacry la te  monomer 112 and Buehler t r a n s o p t i c  
powder 20-3400 were mixed and p laced i n  20 x 150 mm g l a s s  test tubes .  
Bubbles were removed under vacuum (17 mm mercury) p r i o r  t o  completion of  
t h e  cur ing  p iocess  where t h e  tubes  were placed i n  a 50C w a t e r  b a t h  f o r  2 
hours .  No i n t e r f e r e n c e  wi th  t h e  polymer iza t ion  p rocess  was noted  a s  a 
r e s u l t  of  t h e  a d d i t i o n  of 5% paraformaldehyde (forrnaldegen) o r  9.5% 
melamin2 formaldehyde (cymel). Complete d i s s o l u t i o n  of t h e  s t e r i l a n t  
a d d i t i v e s  d i d  n o t  occur  upon i n c o r p o r a t i o n  i n t o  t h e  mixture  and t h e  
m a t e r i a l s  were evenly d i s p e r s e d  i n  p a r t i c u l a t e  f0.m throughout t h e  c l e a r  
l u c i t e  reds  . 
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Control  d i s c s  (no a d d i t i v e s )  and d i s c s  con ta in ing  e i t h e r  5% paraformaldehyde 
o r  9.5% melamine formaldehyde were used f o r  s t u d i e s  t o  determine formaldehyde 
r e l ea se .  Luci te  rods were s ec t i oned  on a l a t h e  i n t o  118" t h i c k  d i s c s .  The 
c u t t i n g  technique produced a semi-polished f i n i s h  ac ro s s  t h e  d iameter  of 
the  d i s c  s i m i l a r  t o  t h a t  of t h e  edge which was smoothed by t he  mold su r f ace .  
The r e l e a s e  of formaldehyde gas from t h e  l u c i t e  d i s c s  was determined on 
the  b a s i s  of weight l o s s  a s  a func t ion  of t i m e  and temperature.  B ioc ida l  
a c t i v i t y  r e s u l t i n g  from r e s i d u a l  s c e r i l a n t  a d d i t i v e  was determined by 
zcne i n h i b i t i o n  s t u d i e s  us ing Escher ich ia  c o l i  and Staphylococcus aureus  
-
as t e s t  spec i e s  (method d i scussed  on page 18) .  
RTV-118, RTV-731, and Chem Sea l  3547 were prepared i n  25 m l  volumes and 
subsequently cured according t o  t h e  manufacturer ' s  recommendations. 
Formaldehyde con ta in ing  a d d i t i v e s  were nixed i n t o  t h e  compounds be fo r e  
pouring i n t o  molds c o n s i s t i n g  of 20 x 150 mm p l a s t i c  a i sposab l e  p e t r i  
d i shes  . 
Napcofoam and Eccofoam were prepared i n  50 and 25 m l  q u a n t i t i e s ,  
r e spec t i ve ly .  A f t e r  mixing w i th  c a t a l y s t ,  they w t r e  p laced  $n 250 m l  
p l a s t i c  d i sposab le  beakers  which s e rved  a s  molds. The s o l i d i f i e d  f0a.w 
were allowed t o  c u r e  a t  ambient temperatures f o r  1 8  hours  (Napcofoam) and 
24 hours (Eccofoam) a f t e r  which they were removed and s l i c e d  i n t o  114" 
t h i c k  wafers.  A cork b o r e r  was u t i l i z e d  t o  remove c i r c u l a r  d i s c s  of  10 mm 
diameter  from t h e  slices of  foam ma te r i a l .  Cont ro l  d i s c s  and d i s c s  
con ta in ing  s t e r i l a n t  a d d i t i v e s  were employed i n  zone i n h i b i t i o n  s t u d i e s  
according t o  t h e  procedure p rev ious ly  descr ibed.  
V e r i f i c a t i o n  of I n t e r n a l  S t e r i l i t y  of S t e r i l a n t - C a r r i e r  Systems 
- 
. udies on t h e  i n a c t i v a t i o n  of b a c t e r i a l  spores  embedded i n  p o t t i n g  compound 
5 were conducted wi th  B-D c e r t i f i e d  b i o l o g i c a l  i n d i c a t o r s  ( 1  x  10 spores  of 
Bac i l l u s  s t e a ro  thermophilus on f i l t e r  paper s t r i p s ) .  
For v e r i f i c a t i o n  of i n t e r n a l  s t e r i l i t y  of p o t t i n g  compounds,biologic 
i n d i c a t o r s  were placed w i th in  0 .5  m i l  p l a s t i c  (Teflon) pouches, s ea l ed ,  
and then embedded i n  p o t t i n g  compound o r  c a r r i e r  m a t e r i a l ,  w i t h  o r  wi thout  
a d d i t i v e ,  p r i o r  t o  the  cur ing  process  (Figure  5, Appendix). The a c t u a l  
method involved the  use of 25 m l  uncured c a r r 4 e r - s t e r i l a n t  mixtures ,  
one-half of which was p laced i n t o  p e t r i  p l a t e s .  From t h r e e  t o  n i n e  s ea l ed  
b i o l o g i c  i n d i c a t o r s  were then placed on to  t h e  s u r f a c e  of t h e  uncured 
c a r r i e r - s t e r i l a n t  mixture and t h e  reminder of t h e  25 m l  volume poured over 
t he  p l a s t i c  pouches con ta in ing  t he  b a c t e r i a l  spores .  The p l a t e s  were 
allowed t p  cu r e  a t  ambient temperature f o r  72 hours p r i o r  t o  f u r t h e r  
eva lua t i on  a t  e l eva t ed  temperatures.  Cont ro l  s t u d i e s  i n d i c a t e d  t h a t  
s u f f i c i e n t  formaldehyde gas was n o t  genera ted  dur ing  t h e  cu r ing  process  
t o  i n a c t i v a t e  t h e  b i o l o g i c  i n d i c a t o r s .  Addi t ional  s t u d i e s  where embedded 
spores  were he ld  f o r  96-144 hours a t  ambient temperature gave t h e  same 
r e s u l t s .  During subsequent i n t e r n a l  s t e r i l i z a t i o n  trials, t h e  embedded 
spores  were sub jec ted  t o  va r i ous  time-temperature exposure pe r iods ,  a f t e r  
which t he  s t r i p s  were removed a s e p t i c a l l v  and assayed by q u a l i t a t i v e  o r  
q u a n t i t a t i v e  procedures.  Q u a l i t a t i v e  assays  were made by i n o c u l a t i o n  of 
spore  s t r i p s  i n t o  Tryp t icase  Soy Broth (TSB). The incuba t ion  temperature 
f o r  - B. s tearothermophi lus  was 60C f o r  pe r iods  of a t  least f o u r  days wi th  
d a i l y  obse rva t ion  f o r  presence  of growth. P o s i t i v e  c u l t u r e s  were examined 
f o r  p o s s i b l e  contamination i n  o rde r  t o  e l i m i n a t e  f a l s e  p o s i t i v e s .  
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Q u a n t i t a t i v e  assays  were ~nade by i n t r o d u c i n g  spore  s t r i p s  i n t o  18  x 150 mrn 
screw cap t e s t  tubes  con ta in ing  g l a s s  beads i n  10 m l  dq .s t ' ? led  wa te r .  
The s t r i p s  were a g i t a t e d  f o r  a t  l e a s t  15 seconds on a Vortex mixer which 
r e s u l t e d  i n  complete d i s i n t e g r a t i o n  of t h e  s t r i p s .  A f t e r  a  s e r i e s  of 
ten-fo ld  d i l u t i o n s ,  a l i q u o t s  of each d i l u t i o n  were p l a ~ e d  i n  t r i p l i c a t e  
i n  Tryp t i case  Soy Agar (TSA). Colony counts  were recorded a f t e r  incuba t ion  
a t  60C f o r  48 hours.  
S tud ies  on t h e  addit ion.  of v a r i o u s  chemical s t e r i l a n t s  t o  p o t t i n g  compounds 
and o t h e r  c a r r i e r  subs tznces  were conducted w i t h  t h e  use  of s p e c i f i c  
amounts of r e s i n  o r  polymer and s t e r i l a n t  c a r r i e r .  The s t e r i l a n t - c a r r i e r  
combinations were mixed thoroughly and then al lowed t o  c u r e  as requ i red .  
I n  each c a s e ,  a  n e g l i g i b l e  weight  l o s s  occurred  dur ing  t h e  cur ing  pe r iod .  
The concent ra t ions  of t h e  polymer, paraformaldehyde (1 - 0 ,  5.0, and 10.0%),  
and t h e  s y n t h e t i c  r e s i n s ,  melamine formaldehyde (1.9, 9.5,  and 19.0%) 
and urea  formaldehyde (2.1, 10.6, and 21.0%) were c a l c u l a t e d  an a  weight /  
volume b a s i s  t o  i n s u r e  t h e  a v a i l a b t l i t y  of equa l  numbers of formaldehyde 
molecules i n  corresponding samples o f  s t e r i l a n t - c a , r r i e r  sys  terns. For 
i n s t a n c e ,  c a r r i e r s  con ta in ing  1.0% paraformaldehyde, 1 .9% melamine 
formaldehyde, and 2.1% u r e a  formaldehyde were t e s t e d  t o g e t h e r .  
For zone i n h i b i t i o n  t e s t s ,  us ing  a m o d i f i c a t i o n  of  t h e  a n t i b i o t i c  d i s c  
s e n s i t i v i t y  procedure, s t e r i l a n t - c a r r i e r  d i s c s  were placed on TSA p l a t e s  
p rev ious ly  i n o c u l a t e d  wi th  24-hour c u l t u r e s  of test organisms. I n  most 
s t u d i e s ,  E. -- c o l i  (gram n e g a t i v e  rod)  and - S. au reus  (gram p o s i t i v e  coccus) 
were used a s  test  s p e c i e s .  However, c e r t a i n  o t h e r s  were o c c a s i o n a l l y  
employed i n c l u d i n g  B a c i l l u s  s u b t i l i s  var .  g l o b i g i i ,  S e r r a t i a  marcescens , 
and K l e b s i e l l a  pneumoniae. The d i s c s  were u s u a l l y  exposed Lo g iven  time- 
t empera tu re  i n t e i - v a l s  p r i o r  t o  t h e i r  use  i n  zone i n h i b i t i o n  t e s t s  as a 
means of de t e rmjn ing  a v a i l a b l e  r e s i d u a l  formaldehyde,  Zone i n h i b i t i o n  
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r e a d i n g s  were made a t  24 ,  48, and * L  h o u r s  a f t e r  i n o c u l a t i o n ;  zone d i a m e t e r s  
were measured i n  millimeters. 
The m e  thodology employed i n  t h e  d e t e r m i n a t i o n  of formaldehyde g a s  l o s s  
from melamine formaldehyde,  p a r a f  ormaldehytin, , and u r e a  f  onnaldehyde a s  
a f u n c t i o n  of t ime and t empera tu re  i n c l u d e d  series of  accu7  ' weigh t  
a s s a y s  u s i n g  an  a n a l y t i c a l  d i g ]  ta l .  Mettler b a l n n c e .  A p p r o p r i a t e  c o n t r o l  
samples  were r o u t i n e l y  i n c l u d e d  i n  a l l  t r i a l s .  I n d i v i d u a l  e x p e r i m e n t a l  
p o i n t s  were as sayed  i n  t r i p l i c a t e  and r e p e a t e d  a t  l e a s t  tw ice ;  100 mg 
samples  o f  polymer o r  r e s i n  were used  i n  aluminum weighing  pans.  The 
s t u d l  es on l o s s  of fol-maldehyde from v a r i o u s  c a r r i e r - s  t e r i l a n t  mix tu re s  
were conducted i n  a similar manner. R e s u l t s  were c o r r e c t e d  f o r  any weight  
l o s s  r eco rded  f o r  c o n t r o l  d i s c s .  
Spray A p p l i c a t i o n  of S t e r i l a n t  
Experiments  were conducted t o  deternl ine t h e  s u i t a b i l i t y  of  t r i c h l o r o e t h y l e n e  
as a liL!r*id c a r r i e r  f o r  f o r m a l d e h y d e - l i b e r a t i ~ ~ g  a d d i t i v e s  f o r  s p r a y ,  d i p ,  
o r  b r u s h  a p p l i c a t i o n .  S t a i n l e s s  s t e e l  and g l a s s  s t r i p s  were c o a t e d  w i t h  
0 .1%, 1 .0% and  10.0% c o n c e n t r a t i o n s  of  paraformaldehyde  o r  melamine 
formaldehyde by d i p p i n g  and s p r a y i n g  p rocedures .  Dr i ed  s t r i p s  were viewed 
under  a micros cop^ a t  10X and 70X m a g n i f i c a t i o n s  t o  d e t e r n i n e  u n i f o r m i t y  
of d i s t r i b u t i o n  of d r i e d  s t e r i l a n t  c r y s t a l s .  The -most s a t i s f a c t o r y  r e s u l t s  
were o b t a i n e d  when s t r i p s  were l a i d  f l a t  and sp rayed  w i t h  an  a e r o s o l  
gg-nerated by a power s p r a y e r  u n i t .  A un i form l a y e r  of s t e r i l a n t  c r y s t a l s  
was observed  on t h e  s u r f a c e  of  a l l  t es t  s t r i p s  exposed i n  t h i s  manner. 
A p p l i c a t i o n  of  s r e r i l a n t  by a d i p p i n g  t echn ique  r e s u l t e d  i n  a n  uneven 
d i s t r i b u t i o n  of t h e  s u b s t a n c e  w i t h  a h e a v i e r  c c n c e n t r a t i o n  of c r y s t a l s  a t  
one end of t h e  s t r i p  t h a n  a t  t h e  c t h e r .  
A f t e r  e s t a b l i s h i n g  t h e  methodology r e q u i r e d  f o r  sp ray  a p p l i c a t i o n  of  
s t e r i l a n t ,  s ~ ~ s e q u e n t  s t u d i e s  were c a r r i e d  o u t  on t h e  s t e r i l i z a t i o n  o f  
occluded and mated s u r f a c e s  o f  s p a c e c r a f t  t u b i n g  c o n n e c t o r s  by a p p l i c a t i o n  
of 0 . 1  and 1.0% c o n c e n t r a t i o n s  of paraformaldehyde  i n  t r i c h l o r o e t h y l e n e .  
- 7 g m  The t h r e a d s  ( r e p r e s e n t i n g  occ luded  s u r f a c e s )  of  s t a i n l e s s  s t e e l  and alum: 
c o n n e c t o r s ,  l u b r i c a t e d  o r  n o n - l u b r i c a t e d ,  o r  mat ing s u r f a c e s  of connec to r s  
( r e p r e s e n t e d  by t h e  beve led  end of t h e  c o n n e c t o r  and t h e  f l a r e d  end of  
t u b i n g )  were i n o c u l a t e d  w i t h  app rox ima te ly  1 x l o 5  s p o r e s  of  - 8 .  s t e a r o t h e r -  
mophilus i n  a  0.01 m l  volum-. The i n o c u l a t e d  a s s e m b l i e s  were d r i e d  i n  a  
l amina r  f low hood and a p p r o p r i a t e  n u t s  to rqued  t o  125 l b s .  P r e v i o u s  
a c c u r a t e  measurement of  a  complete  assembly i n d i c a t e d  t h a t  41.86 c m  2  
comprised t h e  t o t a l  s u r f a c e  a r e a .  Thus, r a t h e r  t h a n  ~ t t e n i p t i n g  t o  s p r a y  
t h e  a s sembl i e s  t t iemselves , i n  wLich c a s e  r e p r o d u c i b i l i t y  would b e  a probl-em, 
a  p i e c e  of  aluminum o f  t h e  same s u r f a c e  a r e a  w a s  p repa red  and used a s  
t h e  c a r r i e r  of  t h e  s t e r i l a n t  s p r a y .  Exposure p rocedures  i n v o l v e d  t h e  
placement  of an i n o c u l a t e d  assembly a l o n g  w i t h  t h e  s p r a y e d  aluminum p i c c e  
i n t o  h e a t  s e a l e d  aluminum pouches f o r  exposu res  r a n g i n g  from 3-168 h o u r s  
a t  60C. For assessment  of  v i a b l e  organisms ,  t h e  p i e c e s  were d i sa s sembled  
and p l a c e d  i n t o  s t e r i l e  TSB f o r  removal of  o rganisms  by i n s o n a t i o n .  
Appropr i a t e  d i l u t i o n s  were p l a t e d  i n  t r i p l i c a t e  i n  TSA and c o l o n i e s  were 
counted  a f t e r  48 hour s  i n c u b a t i o n  a t  60C. 
Dimethyl S u l f o x i d e  S t u d i e s  
S t u d i e s  on t h e  e f f e c t  o f  d ime thy l  s u l f o x i d e  (DMSO) when used  i n  c o n j u n c t i o n  
w i t h  formaldehyde g a s  were i n i t i a l l y  conducted on  a  q u a l i t a t i v e  b a s i s .  
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5 Biologic i nd i ca to r s  con ta in ing  1 x 10 spores  of - B -  s t s a ro t l~e rmoph i lu s  
were i.noculated wi th  0.02 m l  of und i lu ted  3MSO a f t e r  which the  s t r i p s  
were suspended i n  VACUTAINERS~ i n  t he  presence of i mg paraformaldehyde. 
Exposures wzre c a r r i e d  ou t  a t  90C f o r  i n t e r v a l s  of 15-90 minutes.  Exposed 
s t r i p s  were a s e p t i c a l l y  placed i n  tubes of  TSB f o r  the  recovery of v i a b l e  
organisms. 
Quan t i t a t ive  s t u d i e s  were conducted us ing a s p e c i a l l y - c m s t r u c t e d  
appara tus  f o r  i n j e c t i o n  of DMSO a d  formaldehyde vapors i n t o  an exposure 
chamber s epa ra t e ly  o r  i n  conhinat ion .  The a l l - g l a s s  appara tus  cons i s t ed  
e s s e n t i a l l y  of DMSO and formaldehyde genera to r s  (32 x 200 mm test tubes  
conta in ing DHSO o r  paraformaldehyde) and a d e s s i c a t o r  j a r  which se rved  as 
the  exposure cilamber. A l l  components were at ambient temperature dur ing  
t e s t i n g  except  t h e  formaldehyde geue ra to r  which w a s  immersed i n  a cons4ant  
temperatllre water  ba th  a t  60C. 
Addi t ional  q u a n t i t a t i v e  i n a c t i v a t i o n  experiments were conducted us ing a 
modified gas genera t ing  appara tus .  I n  t h e  modified appara tus  , t h e  e n t i r e  
system w a s  i n i t i a l l y  evacuated t o  4 mm Hg fo l l cwing  e q u i l i b r a t i o n  of t he  
apparatus t o  60C i n  an incuba to r  chamber. Gas vapors of each subs tance  
were then introduced i n t o  t h e  exposure chamber s e p a r a t e l y  o r  i n  combination 
by means of s topcocks inc luded i n  t he  tubing system. Tes t s  were a l s o  
conducted a t  atmospheric p r e s su re  us ing t h e  modified appara tus .  I n  a l l  
q u a n t i t a t i v e  s t u d i e s ,  i n d i c a t o r  s t r i p s  were removed a f t e r  exposure, 
d i s rup ted  i n  9 m l  water  blanks con ta in ing  g l a s s  beads and p l a t e d  i n  
t r i p l i c a t e  i n  TSA. 
I n  an e f f o r t  t o  promote pene t r a t i on  of formaldehyde gas ,  DMSO was u t i l i z e d  
i n  s e v e r a l  t r i a l s  on t h e  i n a c t i v a t i o n  of spores  on mated s u r f a c e s  of tubing 
*Trademark of Bectoc, Dickinson and Company i 
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connectors .  In  each t r i a l ,  a torqued assembly and p iece  of alunlinum 
sprayed wi th  1.0% c o n c e n t r a t i c n s  of  paraformaldehyde i n  t r i c h l o r o e t l ~ y l e n e  
and comprising 41.86 cm2 s u r f a c e  a r e a  were p laced i n t a  an aluminum pouch 
a s  desc r ibed  previous ly .  X 2 m l  volume of UMSO was i n o c u l a t e d  on to  t h e  
s u r f a c e  of a  p iece  of Sensi-disc* paper  of t h e  same s u r f a c e  a r e a  a s  t h e  
sprayed aluminum p i e c e .  A f t e r  t h e  DMSO had soaked u r~ i fo rmly  i n t o  t h e  
Sensi-disc paper ,  t h e  paper  was p laced i n t o  t h e  aluminum pouch on t h e  
s i d e  of t h e  connector  o p p o s i t e  t h a t  on which t h e  sprayed aluminum p i e c e  
was placed.  Exposure procedures were c a r r i e d  ou t  i n  h e r m e t i c a l l y  s e a l e d  
aluminum pouches f o r  exposures of 0-1b8 hours a t  60C. 
P recond i t ion ing  and Embedding of Spore S t r i p s  under Contro l led  Humidity 
Parametr ic  experiments  were conducted t o  determine t h e  i n f l u e n c e  of r e l a t i v e  
humidity and c e l l u l a r  wa te r  con ten t  on t h e  r a t e  of i n a c t i v a t i o n  of b a c t e r i a l  
spores  i n  RTV-3140 p o t t i n g  compound c o n t a i n i n g  0.1% pzraformaldehyde. Paper 
s t r i p s  were i n o c u l a t e d  wi th  1 x lo5  spores  of - B. s t ea ro the rmophi lus  and 
h e a t  s e a l e d  i n  0 .5  m i l  Tef lon  a f t e r  d ry ing  overn igh t  i n  a laminar  flow 
hood. The s e a l e d  s t r i p s  were subsequent ly  ? laced  a t  25C i n  c o n s t a n t  
humidity chambers a t  r e l a t i v e  humidity l e v e l s  of 17, 32, 55, o r  75%. A f t e r  
t h r e e  days of exposure t o  a  g iven humidity,  t h e  s p o r e  s t r i p s  were r a p i d l : ~  
embedded i n  RTV-3140 p o t t i n g  compound wi th  o r  wi thout  paraf  ormsldehyde and 
re tu rned  immediately t o  t h e i r  r e s p e c t i v e  cons tan t  humidity chambers f o r  
cu r ing ,  which requ i red  approximately seven days. Upon complet ion o f  t h e  
cur ing  pe r iod ,  t h e  embedded s p o r e  s t r i p s  were removed and exposed t o  60C 
i n  an oven for v a r i o u s  time i n t e r v a l s .  Following each exposure i n t e r v a l ,  
s t r i p s  were removed and q u a n t i t a t i v e l y  assayed as p rev ious ly  descr ibed.  
*RRL, D iv i s ion  of BioQuest, Cockeysvi l le ,  Maryland 
Parametr ic  S tud ies  on t h e  S t e r i l i z a t i o n  of Spores on Ex te rna l  Surfaces  
The s t u d i e s  on t he  i n f l uence  of r e l a t i v e  humidity on t he  i n a c t i v a t i o n  of 
RTV-3140 enibedded spores  by formaldehyde gas were extended t o  inc lude  a  
s tudy of t he  i n f l uence  of r e l a t i v e  humidity and c e l l u l a r  water  on the  
i n a c t i v a t i o n  of spores  on e x t e r n a l  su r f ace s .  
The exposure chamber used i n  t h e  l a t t e r  s t u d i e s  was a  s p e c i a l l y  designed 
s t a i n l e s s  steel exper imenta l  chamber which pe rmi t t ed  p r e c i s e  c o n t r o l  of 
a l l  d e s i r e d  parameters .  Bas i ca l l y ,  t h e  chamber was a  h o r i z o n t a l  cy l i nde r ,  
3  f e e t  i n  diameter  by 4 f e e t  i n  l eng th  which was suppor ted  3 f e e t  o f f  t h e  
f l o o r  on a  mild s t e e l  suppor t ing  framework. One e n t i r e  end of t h e  chamber 
could bc  opened t o  provide  access  t o  t h e  i n t e r i o r .  A 2 x  4 f o o t  pe r fo r a t ed  
work s u r f a c e  i n s i d e  t h e  chamber provided a f l a t  a r e a  f o r  placement of test 
0 
samples. A 4-inch diameter  s t a i n l t s s  s t ee l  p ipe  extended from t h e  f l o o r  
of t h e  chamber, nea r  t h e  door, e x t e r n a l l y  t o  t h e  c e n t e r  of t h e  convex r e a r  
us71  of t h e  chamber. A 2 horsepower blower p laced i n - l i n e  i n  t h i s  p ip ing  
pe rmi t t ed  c i r c u l a t i o n  of t h e  chamber atmosphere. The chamber atmosphere 
was drawn through t h e  p e r f o r a t e d  work s u r f a c e  and i n t o  t h e  f l o o r  p ipe ;  
t h i s  p ipe  r een t e r ed  t h e  chamber a t  t h e  rear and a  b a f f l e  p l a t e  fo rced  
t he  atmosphere t o  t h e  top  of t h e  chamber where i t  w a s  fo rced  down through 
a p e r f o r a t e d  c e i l i n g .  A h o t  water h e a t  exchanger was mounted i n  t h e  
p ip ing  and a l l  flow was d i r e c t e d  through t h e  exchanger which provided 
h e a t i n g  and coo l ing  of t h e  chamber atmosphere. Humidif ica t ion  i n  t h e  
form of dry steam was in t roduced d i r e c t l y  i n t o  t h e  chamber from t h e  
source .  When t h e  door was b o l t e d  c losed,  a  c l e a r  view of t h e  i n t e r i o r  
was provided through two 8-inch diameter  g l a s s  windows i n  t h e  door. I n  
add i t i on  t o  p r e c i s e  c o n t r o l  of a l l  parameters ,  t h e  unique f e a t u r e  of t h e  
gas c i r c u l a t i n g  system per iLLi t t ed  exposures t o  bc conducted i n  s t a t i c  o r  
dynamic modes. 
Paraformaldehyde was u t i l i z e d  as  t he  source  of monomeric fcrmaldehyde 
gas .  The monomeric gas molecules were r e l ea sed  by thermal depolymerizat ion 
a t  a temperature of 140C. Heating of t h e  powder was accomplished i n  a 
s p e c i a l l y  adapted a i r t i g h t  c a n i s t e r  cons t ruc ted  of s t a i n l e s s  s t e e l  and 
placed on an e l e c t r i c  ho t  p l a t e .  The c a n i s t e r  was a t t a ched  e x t e r n a l l y  
t o  t h e  exposure chamber by f l e x i b l e  p l a s t i c  tubing wrapped wi th  h e a t i n g  
tape. Temperature measurement of t h e  i n t e r i o r  of t he  gas  d i s semina t ing  
v e s s e l  was provided by means of a copper constantan  thcrmocouple which 
en t e r ed  t h e  v e s s e l  through t he  removable cover.  A p re s su re  r e l i e f  va lve  
was a l s o  placed on t h e  v e s s e l  which pe rmi t t ed  gas t o  be vented i n t o  a 
water  d r a i n  i f  necessary .  
Following t h e  completion of each exposure, t h e  chamber was purged of 
formaldehyde gas  by t h r e e  succe s s ive  evacuat ions  t o  -25" Hg pressure .  
Evacuated a i r  was cont inuously  bubbled i n t o  a wa te r  tank which emptied 
i n t o  a d r a i n  pipe. I n  add i t i on ,  chamber gas was evacuated by an  
a u x i l i a r y  vacuum pump and passed i n t o  a f i l t e r  bed con ta in ing  a for~llaldehyde 
oxidizing-deodorizing m a t e r i a l  ( P u r a f i l )  composed of a c t i v a t e d  alumina 
impregnated wi th  potassium permanganate. The f i l t e r  m a t e r i a l  adsorbed 
formaldehyde and then oxidized t h e  gas ,  r ender ing  i t  harmless and odor less .  
Spores of - B. s u b t i l i s  va r .  n i g e r  were used a s  t he  b i o l o g i c a l  cha l l enge  
dur ing t he se  s t u d i e s .  S t a i n l e s s  s t e e l  s t r i p s  (15 x 50 mm) and Whatman #1 
f i l t e r  paper s t r i p s  (4  x 25 mm) se rved  a s  c a r r i e r s  f o r  80% methanol-suspended 
spores  a t  a concen t ra t ion  of  1 x lo6 spores  p e r  s t r i p .  P r i o r  t o  exposure,  
groups of dry inocu la ted  s t r i p s  were p laced i n  cons tan t  humidity chambers 
f o r  t h r e e  t o  f ou r  days a t  15, 30, 50,  and 70% R.H. Following t he  cond i t ion ing  
per iod ,  t h e  s t r i p s  were removed and placed i n  the  s t e r i l i z e r  chamber. Gas 
exposures were conducted a t  chamber r e l a t i v e  humid i t i e s  of 30, 50 o r  70% a t  
a  temperature of 25C o r  40C. The concen t ra t ion  of formaldehyde i n  a l l  
t r i a l s  was 1 .0  3 0 . 1  mg/l as determined by a modified chromotropic a c i d  
assay procedure.  Exposures a t  a  chamber temperature of 40C were conducted 
f o r  pe r i ods  ranging from 30 minutes t o  6 hours  whi le  those  conducted a t  
25C ranged from 3 t o  1 8  llours. Four s t r i p s  were q u a n t i t a t i v e l y  assayed 
f o r  su rv ivo r s  f o r  each po in t  us ing TSA as t h e  recovery medium. 
The i nocu l a t ed  and exposed s t a i n l e s s  s teel  s t r i p s  were assayed by placement 
i n  screwcap test  tubes (25 x 200 mm) con ta in ing  50 m l  of 1% peptone-0.5% 
Tween 80 s o l u t i o n ,  which were suspended approximately 1 inch  f r o n  t h e  
bottom of a s o n i c a t o r  ba th  tank (Branson, Model LT- 80-6) and sub j ec t ed  
t o  s o n i c a t i o n  f o r  12 minutes a t  100% power output .  Subsequently, 5 m l  
po r t i ons  were a s e p t i c a l l y  p i p e t t e d  from t h e  tes t  tubes i n t o  p l a s t i c  
p e t r i  d i she s  o r ,  i f  r equ i red ,  i n i t i a l l y  i n t o  d i l u t i o n  b lanks  of s t e r i l e  
d i s t i l l e d  water .  Twenty m l  of s t e r i l e  molten (50C) TSA was added t o  
each p l a t e  and t h e  con ten t s  were mixed by g e n t l e  sw i r l i ng .  Af t e r  
s o l i d i f i c a t i o n  of t h e  mixture ,  a l l  p l a t e s  were incubated  a t  35C. Viable 
spores  were enumerated by colony counts  a f t e r  48  and 72 hours.  
Paper s t r i p s  were placed i n  screw cap test tubes  ( 1  x 150 mm) con ta in ing  
10 m l  of 1% peptone-0.5% Tween 80 s o l u t i o n  and g l a s s  beads.  The tubes  
were v igorous ly  a g i t a t e d  on a Vortex "Genie" n ixe r  f o r  30 seconds. 
Samples were withdrawn and p l a t e d  q u a n t i t a t i v e l y  f o r  s u r v i v o r s  a s  
desc r ibed  above except  t h a t  1 m l  a l i q u o t s  were used i n s t e a d  of 5 m l  
because of t h e  smaller volun~e of  suspending f l u i d  used i n  t h e  tubes .  
Gas PermeLlbi l i ty  S t u d i e s  
Coro l l a ry  s t u d i e s  on t h e  e f f e c t  of mois ture  a s  r e l a t e d  t o  t h e  s t e r i l i z a t i o n  
of spores  e r c l o s e d  w i t h i n  b a r r i e r s  were a l s o  conducted. Spores of B. s u b t i l i s  
-- 
var .  n i g e r  r e r e  i n o c u l a t e d  on s t r i p s  (4  x 25 mrn) of Whatman #1 f i l t e r  paper 
t o  g ive  a  concen t ra t ion  of 1 x lo6  spores  p e r  s t r i p .  The i n o c u l a t e d  spore  
s t r i p s  were allowed t o  dry i n  a  laminar  flow hood a f t e r  which i n d i v i d u a l  
s t r i p s  were p laced i n  open-end g l a s s  tubes  (10 x  110 mm). Each end of t h e  
g l a s s  tub ing  was t h e n  enclosed i n  3  m i l  o r  6  m i l  po lyethylene  f i l m ,  ce l lophane ,  
o r  c o t t o n  plugging. The ba r r i e r -enc losed  s t r i p s  were then p laced i n  a cons tan t  
humidity chamber a t  50% R.H. f o r  f o u r  t o  f i v e  days b e f o r e  exposure t o  formal- 
dehyde gas a t  a  c o n c e n t r a t i ~ n  of 1 .0  f 0 . 1  mg/l. The r e l a t i v e  humidity i n  
t h e  exposure chamber w a s  30, 50, o r  70% ancl. t r ia ls  were conducted a t  
temperatures of 25 o r  40C. Exposure i n t e r v a l s  were 3 ,  6, and 18 hours f o r  
25C t r i a l s  and 1 / 2 ,  3  and 6  hours f o r  40C t r i a l s .  A l l  paper  s t r i p s  were 
assayed f o r  s u r v i v o r s  by t h e  method desc r ibed  p rev ious ly .  Four s t r i p s  
were assayed i n  t r i p l i c a t e  f o r  each p o i n t .  
Formaldehyde Res idual  S t u d i e s  
S tud ies  t o  determine t h e  q u a n t i t y  of  adsorbed formaldehyde gas remaining 
on t h e  s u r f a c e  of exposed m a t e r i a l s  were conducted a f t e r  t h e  completion 
of a  number of  d i f f e r e n t  c y c l e s  i n  which c y c l e  parameters  were v a r i e d .  
The m a t e r i a l s  exposed c o n s i s t e d  of s t r i p s  (15 x  50 nun) of g l a s s ,  s t a i n l e s s  
steel,  and p l a s t i c ,  i n  a d d i t i o n  t o  c o t t o n  gauze pa tches  (0.3 gm) and 1 inch 
s q u a r e s  of Whatman ill f i l t e r  paper .  In c e r t a i n  o t h e r  gas c y c l e s ,  conducted 
a t  gas c o n c e n t r a t i o n s  g r e a t e r  than  1.0 mg/l, s t r i p s  of po lys ty rene ,  s i l i c o n e  
and l a t e x  rubber (1 grn) were exposed and t e s t e d  f o r  forntaldehyde r e s i d u e  
a f t e r  completion of t h e  c y c l e  and a f t e r  v a r i o u s  ho ld ing  times a t  ambient 
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cond i t ions .  Following removal from t h e  eyposure chamber, each i t em was 
p laced i n  20 m l  d i s t i l l e d ,  de ionized w z t e r  conta ined i n  a  25 x 100 rnm 
screw cap t e s t  tube.  The tubes  were hea ted  a t  l O O C  f o r  15 minutes i n  a 
h o t  a i r  oven a f t e r  which t h e  amount of formaldehyde r e s i d u e  was assayed 
by t h e  modified chromotropic a c i d  p r ~ c e d u r e .  
Formaldehyde Gas S t e r i l i z a t i o n  of Spacecra f t  Mock-up Surfaces  (MSFC F i e l d  
T r i a l s )  
The o b j e c t i v e  of t h e  f i e l d  t r i a l s  conducted a t  Marshal l  Space F l i g h t  Center  
was t o  i n v e s t i g a t e  under s imula ted  f u l l  s c a i e  c o n d i t i o n s  t h e  f e a s i b i l i t y  
of us ing  dry formaldehyde gas f o r  t h e  co ld  s t e r i l i z a t i o n  of e x t e r n a l  space-  
c r a f t  s u r f a c e s .  The f i e l d  work was suppor ted  by c o r o l l a r y  l a b o r a t o r y  
s t u d i e s  on t h e  e f f e c t  of v a r i o u s  parameters  on formaldehyde s t e r i l i z a t i o n  
of spores  on e x t e r n a l  s u r f a c e s .  
s t e r i l i z a t i o n  Chamber 
Before i n i t i a t i n g  gas s ~ n r i l i z a t i o n  s t u d i e s ,  i t  was necessa ry  t o  make 
numerous modi f i ca t ions  t o  t h e  MSFC chamber f o r  conversion from a dry  
h e a t  t o  a gas s t e r i l i z a t i o n  f a c i l i t y .  Major a l t e r a t i o n s  involved t h e  
complete s e a l i n g  of t h e  chamber t o  render  i t  gas  t i g h t  and t h e  
i n s t a l l a t i o n  of d u c t s  f o r  d i s semina t ton  and c i r c u l a t i o n  of formaldehyde 
gas throughout t h e  test  chamber and t h e  Technology F e a s i b i l i t y  S p a c e c r a f t  
(TFS) housed w i t h i n  t h e  chamber. The l a t t e r  modi f i ca t ion  r e s u l t e d  i n  
a  complete bypass of t h e  o r i g i c s i  a i ~  cirr*zl?+!nn svstem used i n  dry  
h e a t  s t u d i e s  and a concomitant r e d u c t i o n  i n  t h e  t o t a l  volume o: t h e  
chamber duc t  system. A diagrammatic view of t h e  o r i g i n a l  chamber d u c t  
system a s  used i n  dry h e a t  s t u d i e s  i s  shown i n  F i g u r e  1. The modif ied  
duct  system is diagrammed i n  F igure  2 and shows t h a t  t h e  l a r g e  duc t  
l e a d i n g  i n t o  t h e  top  c o n i c a l  p o r t i o n  and a s s o c i a t e d  i n - l i n e  blower 
an.d l a r g e  lower exhaust  duc t  were no t  i n c l ~ d e d  i n  the  modif ied gas 
c i ~ : c u l a t i o n  system. The s m a l l e r  of t h e  h o r i z o n t a l  d u c t s  of the  
o r i g i n a l  system, which jo ined t h e  chamber a t  t h e  top of t h e  v e r t i c a l  
p o r t i o n  of t h e  w a l l ,  \:as r e t a i n e d  i n  t h e  modif ied system a s  t h e  main 
gas i n l e t  duct .  A s  shown i :~ Figdre  2 ,  t h i s  duc t  was extended i n t o  t h e  
chamber where i t  s p l i t  i n t o  two branches ,  one of which l e d  t o  the  top  
of t h e  chamber and d i r e c t e d  qas flow over  t h e  TFS and t h e  o t h e r  duct 
which l e d  d i r e c t l y  i n t o  t l ~ e  TFS. F igure  2 a l s o  shows a  s h o r t  l eng th  
of duc t  work l e a d i n g  from t h e  lower chamber w a l l  t o  t h e  gas  d i s semina to r  
v e s s e l .  Formsldehyde gas was r e c , i r c u l a t e d  through t h e  s y s  tem dur ing  
and a f t e r  thermal  Cepolymerization of paraformaldehyde powder w i t h i n  
t h e  d isseminator  v e s s e l ,  x,lich continued t o  s e r v e  a s  p a r t  of t h e  
e x t e r n a l  gas r e c i r c u l a t i o n  system. A second p o r t  and s h o r t  p i e c e  of 
duct  work was p laced  a t  the  base  of t h e  wa l l  b e s i d e  t h e  p o r t  shown i n  
F igure  2 and was u t i l i z e d  a s  an a u x i l i a r y  exhaust  duct  dur ing  t h e  
removal of gas from t h e  chamber. F l e x i b l e  20.32 cm diameter  hose was used 
between t h e  chamber exhaust  duc t  and d i s s e m i n a t o r  v e s s e l ,  b e ~ w e e n  
d i s semina to r  v e s s e l  and blower, and between blower and gas  i n l e t  duc t  
l ead ing  i n t o  t h e  top  of t h e  chamber. A 15.24 cm diameter  hose  l e d  from t h e  
a u x i l i a r y  exhaust  duct  at  t h e  chamber b a s e  and c o n n x t e d  t o  a n  e x t e r n a l l y  
l o c a t e d  formaldehyde e x t r a c t i o n  f i l t r a t i o n  system. Other  modi f i ca t ions  
inc luded t h e  i n s t a l l a t i o n  of f o u r  p o r t s  i n  t h e  chamber w a l l ,  t h r e e  of 
which pe rmi t t ed  gas  s a m ~ l e s  t o  b e  withdrawn from t h e  chamber i n t e r i o r  
and t h e  o t h e r  which pe rmi t t ed  gas samples t o  be  withdrawn from t h e  
i n t e r i o r  of t h e  TFS (Figure  3 ) .  Other access  p o r t s  were i n s t a l l e d  i n  
t h e  chamber w a l l  f o r  passage of e l e c t r i c a l  co rds  t o  t h e  i n t e r i o r  o f  
t h e  chamber and f o r  i n t r o d u c t i o n  o f  n e u t r a l i z i n g  gas.  B i o l o g i c a l  f i l t e r s  
were f a b r i c a t e d  and placed i n - l i ne  i n  t h e  gas i n l e t  and both  gas 
exhaust  duc t s .  
Formaldehyde Disseminator 
The u n i t  employed f o r  t h e  genera t ion  and disseminat ion of formaldehyde 
gas was comprised of a  heavy duty commercial p r e s su re  cooker modified 
a s  requ i red  by BDRC engineer ing personnel .  The p o s i t i o n  of t he  
d isseminator  i n  t he  gas  c i r z u l a t i o n  sy s t tm  i s  shown i n  Figure  2.  
Two 5.08 cm p o r t s  on oppos i t e  s i d e s  were p laced i n  t he  w a l l  of t he  
d isseminator  f o r  connection t o  horn-shaped aluminum p ipes  which f l a r e d  
from a 5.08 cm diameter  t o  a  20.32 cm diameter .  The alundnum p ipe s  were 
a t t ached  on each s i d e  of t h e  d isseminator  v e s s e l  t o  t he  20.32 cm f l e x i b l e  
hoses  mentioned p rev ious ly .  A blower u n i t  of t h e  " s q u i r r e l  cage" type  was 
i n s e r t e d  i n - l i ne  between t h e  d isseminator  and t h e  chamber i n t a k e  p o r t  
( s ee  Figure 2 )  and served t o  r e c i r c u l a t e  t h e  gas  through t he  chamber 
and t h e  e x t e r n a l  gas duc t s .  In a d d i t i o n  t o  t h e  gas p o r t s ,  two gas 
t i g h t  P l ex ig i a s  viewing p o r t s  were placed on oppos i t e  s i d e s  of  t h e  
d isseminator .  These pe rmi t t ed  v i s u a l  examination of t h e  paraformaldehyde 
powder subl imat ion process  dur ing s t a g e s  of gas d isseminat ion from t h e  
v e s s e l .  A heavy duty e l e c t r i c  h o t  p l a t e  opera ted  a t  350-450 F dur ing  
t he  gas genera t ion  pe r iod  provided t h e  source  of h e a t  f o r  t h e  gas  
disseminp-ting sy s  tern. 
Exhaust Sys tem 
Af t e r  completion of t h e  exposure cyc le ,  t h e  formaldehyde gas was 
removed from t h e  chamber and TFS e i t h e r  by i n t e r n a l  n e u t r a l i z a t i o n  and 
exhaust  through chemical f i l t e r s  o r  by exhaust  through t h e  e x t e r n a l  
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chemical  f i l t e r s  a lone .  I n  those  cyc les  w h e r  formaldehyde was n e u t r a l i z e d  
ammonia gas se rved  a s  t h e  n e u t r a l i z i n g  agent  by r e a c t i o n  wi th  t h e  
formaldehyde t o  form t h e  n e u t r a l  product ,  hexamethylenetetramine,  as 
shown below: 
6 HCHO + 4 NH3 I 
I n  T r i a l s  3 and 4 ,  ammonium ca rbona te  was hea ted  t o  o b t a i n  ammonia gas.  
I n  T r i a l s  5 through 8, a c y l i n d e r  of  pure  ammonia gas was u t i l i z e d  a s  
t h e  s o u r c e  of n e u t r a l i z e r .  C a l c u l a t i o n s  were made t o  determine t h e  
amount of powder o r  gas t o  provide n e u t r a l i z a t i o n  based on a molar 
r a t i o  of s i x  formaldehyde molecules t o  f o u r  ammonia molecules.  Following 
t h e  c o n t a c t  pe r iod  between n e u t r a l i z e r  and gas,  t h e  chamber door was 
opened and t h e  exhaust  phase i n i t i a t e d .  F igure  4 shows t h e  c o n c e n t r a t i o n s  
of formaldehyde dur ing  exposure and exhaust  a f t e r  n e u t r a l i z a t i o n  wi th  
ammonia. Both t h e  e x t e r n a l  blower system and room a i r  f a n s  were used 
t o  c l e a r  t h e  chamber of n e u t r a l i z e d  gas  and any excess  ammonia p r e s e n t .  
The e x t e r n a l  exhaus t  s y s  tem c o n s i s t e d  of i n - l i n e  blowers connected t o  
f i l t e r  housings c o n t a i n i n g  t h e  chemical adsorbent ,  P u r a f i l .  The 
e x t e r n a l  exhaus t  system is  shown d i a g r a m a t i c a l l y  i n  Figure  3 .  The 
hose which connected t o  t h e  gas  J n l e t  duct  of t h e  cllamber dur ing  t h e  
gas  d i s semina t ion  and exposure phases was adap ted  t o  t h e  f i l t e r  u n i t  
t o  become p a r t  of t h e  exhaust  system. P u r a f i l  (Borg-Warner Corp . , 
Marbon Chemical Div i s ion ,  Washington, West V i r g i n i a ) ,  is e s o l i d  
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odoroxidant  comprised of a c t u a t e d  a lumina  (A1203) impregnated w i t h  
po tass ium permanganate ( K M ~ O ~ ) .  I t  i s  produced i n  t h e  form of 
p e l l e t s  which bo th  adso rb  and  abso rb  formaldehyde g a s  and by  
o x i d a t i o n  w i t 1 1  po t a s s ium permanganate chemic:a:ly d e s t r o y  t h e  g a s  
u n t i l  t h e  ambient a i r  c o n t a i n s  less t h a n  1 ppm. F igu re  5 shows a 
d e t a i l e d  diagram of  t h e  f i l t e r  hous ing  used f o r  t h e  P u r a f i l  bed. 
Upon complet ion of t h e  t r i a l s  i n  which formaldehyde g a s  was exhaus t ed  
w i t h o u t  p r i o r  n ~ > ~ t r a l i z a t i o n ,  t he  chamber door  remained c l o s e d  and 
t h e  room a i r  f a n s  were n o t  used d u r i n g  t h e  e x h a u s t  ;>er iod  s i n c e  a l l  
of t h e  gas  passed  through t h e  P u r a f i l  f i l t e r  beds f o r  a d s o r p t i o n .  
During t h e  exhaus t  c y c l e ,  dlamber make-up a i r  w a s  s u p p l i e d  from room 
a i r  p a s s i n g  throllgh t h e  FG-50 f i l t e r  i n  t h e  g a s  i n l e t  p o r t  of t h e  
chamber. Figuze 6 shows t h e  c o n c e n t r a t i o n s  o f  formaldehyde g a s  
d u r i n g  exposure  and e x h a u s t  w i t h o u t  p r i o r  n e u t r a l i z a t i o n .  
B i o l o g i c a l  F i l t e r s  
The a b s o l u t e  b i o l o g i c a l  f i l t e r s  used i n  che chamber were f a b i ~ c a t e d  
by  BDPX p e r s o n n e l  and c o n s i s t e d  of 20.32 c z  d i ame te r  aluminum f i l t e r  bed 
hous ings  c o n t a i n i n g  a  f i b e r g l a s s  f i l t e r  medium (FG-50) of  99.96% 
e f f i c i e n c y .  The f i l t e r  beds were made of two l a y e r s  of  1 . 2 7  c m  t h i c k  
f i l t e r  media and were p l a c e d  i n - l i n e  i n  i h e  g a s  i n l e t  and e x h a u s t  
p o r t s  o f  i h e  chzilber.  
B i o l o g i c a l  S t e r i l i t y  I n d i c a t o r s  
System s t e r i l i z a t i o n  w a s  de te rmined  by u s e  of - B. s u b t i l i s  v a r .  n i g e r  
s p o r e s  on Whatman / I 1  f i l t e r  pape r  s t r i p s  ( 4  x 25 mm) which were  
p l aced  throughout  t h e  chamber and TFS. T h i s  organism was ~l,,~r.:-.n f o r  
use because ~ f  i t s  r e s i s t i v i t y  t o  chc:,lical gases  and o t i  c r  s r e r i l i z a t i o n  
p rocesses .  F i f t y  1 o c a t i o n s ,  shown diagrammatica1l.y i n  Figurfxs 7-9 were 
s e l e c t e d  f o r  spore  i n d i c a t o r  placement and inc luded t.,c i n t e r i o r  and 
e x t e r i o r  s l i r faces  of t h e  TFS and t h e  i n t e r i o r  chamber s u r f a c e .  A t  
4 5  6 each l o c a t i o n ,  a  s e t  oC f o u r  spore  s t r i p s  c o n t a i n i n g  10 , 10 , 10 , 
7 o r  1.0 spore  c o n c e n t r a t i o n s  i n  i n d i v i d u a l  paper  envelopes was p laced*  
The t o t a l  spore  c o n c e n t r a t i o n  f o r  a l l  50 l o c a t i o n s  was approximateiv 
5.55 x  lo8.  Following t h e  completion of t h e  exposcre  c y c l e ,  s t r i p s  
were removed and p laced i r ~ d i v i d u a l l y  i n  t e s t  tubes  con ta in ing  15-20 ml 
TSB. Incubat ion  was conducted a t  35C f o r  21  days b e f o r e  recording 
f i n a l  r e s u l t s  of t h e  number of p o s i t i v z  and n z g a t i v e  c u l t u r e s .  
Gas P e n e t r a b i l i t y  T e s t s  
Spore s t r i p s  were enclosed w i t h i n  d i f f e r e n t  types  of  b a r r i e r  m s  > r i a l s  
and inc luded i n  each of t h e  co ld  s t e r i l i z a t i o n  cyc les  conducted a t  
MSFC. These provided a  means of  measuring t h e  p e n e t r a b i l i t y  of dry 
formaldehyde gas  under t h e  parameters  e s t a b l i s h e d  i n  each i n d i v i d u a l  
cycle .  The types  of m a t e r i a l s  used a s  gas b a r r i e r s  inc luded polyethylene  
(2 through 6 n i l  t h i c k n e s s e s ) ,  l a t e x ,  c e l  lophane-mylar f i l m ,  g l a s s i n e  
paper ,  screwcapped 7o lys ty rene  f l a s k s ,  and c l o t h  covered ure thane  foam. 
4 7 I n  most t e s t s ,  sets of 10 through ' 0  s p o r e s  of - B. s u b t i l i s  - var .  
nj.ger on f i l t e r  paper  s t r i p s  were u t i l i z e d .  Each i n d i v i d u a l  c o n c e n t r a t i o n  
of spores  was i n d i v i d u a l l y  vrapped and s e a l e d  o r  o the rwise  p laced w i t h i n  
t h e  s p e c i f i c  b a r r i e r  m a t e r i a l .  The bar r i e r - "enc losed  spore  s t r i p s  were 
taped on t h e  l e g s  of t h e  TFS p r i o r  t o  ' . n i t i a t i o n  of each cyc le .  F o l l o w i ~ g  
completion of t h e  gas  exposures,  t h e  b a r r i e r s  were removed and s t r i p s  
were t r a n s f e r r e d  t o  test  tubes  con ta in ing  15-20 m l  TSB. Incubat ion  was 
c a r r i e d  o u t  a t  35C f o r  21  days b e f o r e  recr,rc:ing p o s i t i v e  o r  n e g a t i v e  
growth i n  t h e  tubes .  
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E'VERIMENTAL RESULTS 
Weight Loss-Zone I n h i b i t i o n  S tud ies  
I n  s t u d i e s  on the  k i n e t i c s  of forma1del:yde gas e v o l u t i o n  from l u c i t e  
conducted a t  60C, a 7.6% l o s s  of formaldehyde occurred  w i t h i n  96 hours  
from 5% paraformaldehyde (PF)- luc i te  d i s c s  whi le  only 5.2% l o s s  was 
observed f rcm 9.5% melamine formaldehyde (l1F)-lucite d i s c s  (Figure  10) .  
I n  zone i n h i b i t i o n  tests (Figure 11)  conducted wi th  t h e  1 7  mm hea ted  
d i s c s ,  s l i g h t  i n h i b i t i o n  of E. -- c o l i  by t h e  5% PF d i s c s  was observed 
a f t e r  each of t h e  exposure i n t e r v a l s  through 4 hours.  - S. aureus  was 
s t r o n g l y  i n h i b i t e d  i n  t h e  same t e s t .  Both test organisms were i n h i b i t e d  
throughout a 96-hour pe r iod  by t h e  lucite-MF d i s c s  a l though b i o c i d a l  
a c t i v i t y  decreased p rogress ive ly  wi th  i n c r e a s e d  exposure t i m e  due t o  l o s s  
of formaldehyde from t h e  d i s c s .  A t  24 hours ,  zones of 22 mrn were observed 
on p l a t e s  inocu la ted  wi th  E. -- c o l i  which decreased t o  1 8  mm ~ f t e r  96 hours  
exposure. On p l a t e s  con ta in ing  - S. aureus ,  24-hour zones of  43 mm were 
observed which a l s o  decreased tc  1 8  mm a f t e r  96 hours  exposure (Figure  1 2 ) .  
I n  weight loss-zone i n h i b i t i o ?  s t u d i e s  conducted a t  90C, 5% PF- luci te  
d i s c s  l o s t  9.1% formaldehyde af  ter 6 hours  exposure w h i l e  e x h i b i t i n g  very 
l i t t l e  o r  no i n h i b i t o r y  a c t i v i t y  towards e i t h e r  test organism. A 4 . 5 %  
weight l o s s  was recorded f o r  t h e  9.5% lucite-MF d i s c s  a f t e r  6 hours  a t  
90C and t h e  lucite-MF d i s c s  a l s o  e x h i b i t e d  good b i o c i d a l  a c t i v i t y  a g a i n s t  
S. aureus throughout t h e  6-hour t e s t i n g  p e r i o d  (Figure  13) .  Zones of 37 mm 
- 
were observed a f t e r  1 hour  of h e a t i n g  and decreased s l i g h t l y  tc~ 33 m 
a f t e r  6 hours hea t ing .  -- c o l i  was i n h i b i t e d  very  s l i g h t l y  a f t e r  each of E. 
t h e  f i r s t  4-hour exposures wi,h no i n h i b i t i o n  by d i s c s  hea ted  f o r  l o n g e r  
periorls. A f t e r  96 hours  exposure a 19.9% weight  l o s s  r e s u l t e d  w i t h  no 
apparent  i n a c t i v a t i o n  of e i t h e r  s p e c i e s  by t h e  d i s c . .  (F igure  1 4 ) .  During 
t h e  96-hour exposure p r i o d s  a t  9OC, b i v c i d a l  a c t i v i t y  was o b s e ~ v e d  only 
on p l a t e s  s t r e a k e d  wi th  - S .  aureus .  A f t e r  24 hours ,  zones of 29 mm were 
observed which decreasdd t o  19 mm a t  48  hours.  No b i o c i d a l  a c t i v i t y  was 
ev iden t  a f t e r  72 o r  96 hours h e a t i n g  and no i n h i b i t i o n  of t h e  growth of 
E. c o l i  was observed a f t e r  any of t h e  24 t o  96-hour exposure pe r iods  
-- 
(Figure 15) .  
When l u c i t e - s t e r i l a n t  d i s c s  c o n t a i n i n g  5% PF were exposed t o  125C, the  
l o s s  of mononleric formaldehyde from t h e  d i s c s  was very  e r r a t i c  wi th  no 
d e f i n i t e  p a t t e r n  of r e l e a s e  observed dur ing  s h o r t  exposure p e r i o d s  of 
1 t o  6 hours .  Weight l o s s e s  ranged from 10.7 t o  20.4% a f t e r  1 hour t o  
19.8 t o  58.0% a f t e r  6 hours  h e a t i n g .  I n  comparison, t h e  r e s u l t s  ob ta ined  
a f t e r  exposure of luc i te -9 .5% MF d i s c s  were very c o n s i s t e n t  i n  a l l  t e s t s  
ranging from 4.2-5.7% a f t e r  1 hour t o  9.7-10.8% weight  l o s s  a f t e r  6 hours  
h e a t i n g  (Figure  16) .  I n  t h e  s h o r t  term exposures,  n e i t h e r  t h e  5% PF nor  
9.5% MF d i s c s  d i sp layed  any b i o c i d a l  a c t i v i t y  a g a i n s t  E. -- c o l i  a f t e r  any 
of t h e  exposure i n t e r v a l s .  
- S. aureus  was s l i g h t l y  i n h i b i t e d  by d i s c s  
c o n t a i n i n g  9.5% k1F wi th  zones of 20 and 19 rtlm observed a f t e r  1 a.ld 2 
hours  h e a t i n g .  No i n h i b i t o r y  a c t i v i t y  was observed i n  t h e  presence  of 
d i s c s  heated  fox  3-6 hours  a t  125C (Figure  1 7 ) .  A f t e r  96 hours exposure 
t o  125C t h e  r e l e a s e  o: formaldehyde from l u c i t e - 5 %  PF d i s c s  was c l o s e  t o  
maximum a t  91.2% l o s s .  The 9.5% lucite-MF dis.:s a l s o  e x h i b i t e d  a maximal 
r e l e a s e  wi th  a  l o s s  of 14.2% observed. I n  boch i n s t a n c e s ,  t h e  p l o t t e d  
curves  began t o  l e v e l  o f f  a t  t h e s e  p o i n t s  i n d i c a t i n g  t h a t  very l i t t l e  o r  
qo a d d i t i o n a l  r e l e a s e  of gaseous formaldehyde would have occurred  
(Figure 18). No b i o c i d a l  a c t i v i t y  of e i t h e r  type of  d i s c  was observed 
a g a i n s t  E. -- c o l i  o r  a S. au reus  a f t e r  t!~t 24 t o  96-hour exposure pe r iods .  
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During i n h i b i t i ~ n  tests conducted with E. -- c o l i  using non-heat t r e a t e d  
d i scs ,  zones of 21.3 and 38 mm were observed with d i s c s  containing 5 
and 9.5% PF, respect ively .  Zoues produced on p l a t e s  containing - S. aureus 
neasured 38 and 34.7 mm, respec t ive ly .  
Experiments were conducted t o  determine the  l o s s  of weight by p l a i n  
l u c i t e  d i s c s  and l u c i t e  d i s c s  containing 5% PF o r  9.5% MF. Af te r  24 
hours a t  45C, i t  was found t h a t  weight l o s se s  of 1.2, 7.0, and 20.3% 
occurred i n  cont ro l  d i scs ,  5X PF d i sc s ,  and 9.5% MF d i sc s ,  respec t ive ly .  
The l a t t e r  two f i gu re s  revealed a s u b s t a n t i a l  l o s s  of s t e r i l a n t  during 
curing of the  mixtures. 
Similar  weight loss-zone i n h i b i t i o n  s t u d i e s  were conducted with the  
po t t i ng  compouads, XlV-118 and RTV-731 containing PF o r  u rea  formaldehyde 
(UF). Tests  i n  which 5% PF was added t o  each compound ind ica ted  t h a t  a  
s l i g h t l y  g r e a t e r  r a t e  of r e l e a s e  of formaldehyde occurred from RTV-731. 
After  6 hours exposure t o  60C, ap?roximately 5.2={ of t h e  gas  had been 
re leased from RTV-731 compared t o  a 4.3% l o s s  from RTV-118 (Figure 19) .  
The r e s u l t s  of zone i n h i b i t i o n  s t u d i e s  a l s o  ind ica ted  a cons i s t en t  and 
r e l a t i v e l y  uniform r e l e a s e  of formaldehyde fram each p o t t i n g  compound- 
s t e r i l a n t  system throughout the  6-hour observat ion period. On p l a t e s  
s t reaked with - E. -9 c o l i  s t e r i l a n t  from the  RTV-118 system produced zones 
of approximately 17.5 t o  21  mm diameter. On - S. aureus p l a t e s ,  zones of 
i n h i b i t i o n  ranging from 38-44 mu were observed (Figure 20). Re la t ive ly  
uniform r e s u l t s  were a l s o  observed when t h e  RTV-731 5% PF d i s c s  were 
placed on p l a t e s  s t reaked  with t he  two test organisms. Those containing 
S. aureus showed zones of 46-51 mm while those  containing E. c o l i  ranged 
- -- -
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from 17-23 mm diameter  (Figure  21).  The RTV-731 d i s c s  produced a s l i g h t l y  
g r e a t e r  b i o c i d a l  e f f e c t  t hd  - t h e  RTV-118 d i s c s  a g a i n s t  both test organisms. 
A s  observed i n  o t h e r  t e s t s , S .  - aureus was more s e n s i t i v e  t o  formaldehyde 
than was E. c o l i .  
-- 
S tudies  i n  which 10.6% UF was added t o  samples of RTV-118 and RTV-3140 revea led  
t h a t  gas  molecules were r e l e a sed  more r a p i d l y  from the  XTV-118 matr ix  than 
 fro^ ?TV-3140. A f t e r  6 hours expost:re t o  60C, RTV-118 s t e r i l a n t  d i s c s  
showed a weight l o s s  of 5.4% i n  c o n t r a s t  t o  a l o s s  of only 2.2% formaldehyde 
from RTV- 3140 s t e r i l s n t  d i s c s  (Figure  22).  However, KTV-3140 d i s c s  produced 
l a r g e r  zones of i n h i b i t i o n  (Figure  23) than those  of KTV-118 (Figure  24).  
wi th  both  t e s t  organisms. RTV-118 d i s c s  produced zones of 15-17 and 23-31 mm 
diameter  on p l a t e s  inocu la ted  wi th  E. c o l i  and S .  aureus;  whereas, RTV-3140 
-- -
produced zones of 18-23 and 30-36 mrn a g a i n s t  t h e  same organisms throughout 
t he  t e s t i n g  pe r i od  of 6 hodrs.  
I n  weight l o s s  s t u d i e s  (Figure  25) conducted wi th  d i s c s  of Chem Sea l  3547 
a t  60C, formaldehyde was r e l ea sed  i n  g r e a t e r  q u a n t i t i e s  from d i s c s  
con ta in ing  5% PF than from those  con ta in ing  9.5% l4F o r  10.6% UF. With the  
excep t ion  of a r ap id  i n i t i a l  r e l e a s e  dur ing  t h e  f i r s t  day o f  t h e  i4-day 
exposure pe r iod ,  t h e  rate of l o s s  from t h e  l a t te r  two systems w a s  reduced 
bu t  cons tan t .  A f t e r  1 4  days t h e  PF d i s c s  l o s t  approximately 47% of  t h e i r  
i n i t i a l  weight whi le  comparable l o s s e s  o f  4 . 3  and 4.8% were recorded f o r  
t h e  MF and UF d i s c s .  The g r e a t e r  l o s s  o f  formaldehyde dur ing  t h e  t e s t i n g  
pe r iod  by t h e  PF discs was r e f l e c t e d  i n  t h e  decrease  i n  s i z e  of  i n h i b i t i o n  
zones produced on p l a t e s  i nocu l a t ed  wi th  - S. aureus.  Zones produced by 
d i s c s  of MF and UF were of  nea r l y  cons tan t  d iameter  throughout t h e  14-day 
obse rva t ion  pe r iod  (Figure  26) .  
Discs of Napcofoam con ta in ing  5% PF were prepared  according t o  a  modif ied 
cur ing  cyc le  and observed f o r  b i o c i d a l  a c t i v i t y  a t  37C on p l a t e s  i n o c u l a t e d  
wi th  E. c o l i  and S.  aureus.  Limited i n h i b i t i o n  r e s u l t e d  a f t e r  24 hours 
-- -- 
incuba t ion  wi th  zones of 11 and 2 1  mm observed a g a i n s t  t h e  two organisms, 
~ e s p e c t i v e l y .  No i n h i b i t o r y  e f f e c t s  were d e t e c t e d  when s t e r i l a n t  d i s c s ,  
prepared  accordicg  t o  t h e  manufacturer ' s  s p e c i f i c a t i o n s ,  were used i n  
b i o c i d a l  t e s t s .  
T e s t s  conducted us ing  d i s c s  of Eccofoam con ta in ing  5% PF were i n d i c a t i v e  
of g r e a t e r  b i c r i d a l  a c t i v i t y  a g a i n s t  both  t e s t  organisms a s  compared t o  
Napcofoam. Zones of  1 7  mm d iameter  were produced on p l a t e s  s t r e a k e d  wi th  
E. c o l i  whi le  l a r g e r  zones of 32 mm were observed on p l a t e s  i n o c u l a t e d  
-- 
with  - S. aureus .  In  t e s t s  w i t h  Eccof oanl d i s c s  c o n t a i n i n g  10.6% UF, b i o c i d a l  
a c t i v i t y  was less than e i t h e r  Napcofoam o r  Eccofoam d i s c s  c o n t a i n i n g  5% 
PF. Zones of 10 and 12  mm were recorded f o r  E. c o l i  and S. aureus ,  
- - - 
r e s p e c t i v e l y ,  wi th  the  use of UF. 
Comparative b i o c i d a l  s t u d i e s  (Table I) were conducted wi th  RTV-3140 
con ta in ing  va r ious  c o n c e n t r a t i o n s  of PF (1, 5, and l o % ) ,  MF (1.9, 9.5, 
and 19%) o r  UF (2.1, 10.6, and 21.%). P l a t e s  s t r e a k e d  wi th  each of f i v e  
d i f f e r e n t  test organisms were used. As  observed i n  o t h e r  tests, G r a m  
p o s i t i v e  s p e c i e s  ( B .  - s u b t i l i s  va r .  n i g e r  and - S. aureus)  were i n h i b i t e d  
t o  t h e  g r e a t e s t  degree whi le  E. -- c o l i  was l e a s t  a f f e c t e d .  I n c r e a s e s  i n  
c o n c e n t r a t i o n s  of each of t h e  a d d i t i v e s  r e s u l t e d  i n  corresponding i n c r e a s e s  
i n  i n h i b i t o r y  e f f e c t s .  
Table I1 r e p r e s e n t s  a  summary comparison of t h e  e f f e c t i v e n e s s  of t h e  polymer, 
paraformaldehyde, and t k e  s y n t h e t i c  r e s i n s ,  melamine formaldehyde and u r e a  
formaldehyde i n  f i v e  d i f f e r e n t  e1ect rc ; l ic  m a t e r i a l s .  The RTV-3140 
paraformaldehyde system d i sp layed  t h e  g r e a t e s t  degree of b i o c i d a l  
a c t i v i t y  against - S. aureus  wh-reas E. c o l i  was most e f f e c t i v e l y  
-- 
i n h i b i t e d  i n  t h e  presence  of the  RTV-3140 UF system. 
Quan t i t a t i ve  I n a c t i v a t i o n  of Embedded Spores 
Quan t i t a t i ve  s t u d i e s  were conducted a t  ambient temperatures us ing 1 x 10 5 
B. s tearothermophi lus  spores  embedded i n  RTV-3140 con ta in ing  1% PF. Without 
-- -
except ion,  t h e  d a t a  ob ta ined  revea led  an i n i t i a l  p l a t e au  pe r iod  of  4-6 
days dur ing which no l o s s  o f  v i a b i l i t y  occurred.  Subsequently, exponen t ia l  
i n a c t i v a t i o n  took p l ace  wi th  a  D-value of approximately 60 hours (Figure  27).  
In  comparison, no reduc t ion  i n  spore  popu la t ion  was observed i n  RTV-3140 
con ta in ing  1.9% MI? (1% a v a i l a b l e  CH20) o r  2.1% UF (1% a v a i l a b l e  CH20) dur ing 
t h e  same cur ing  per iod.  Moreover, no s i g n i f i c a n t  r educ t ion  i n  spore  
popula t ion  w a s  observed upon exposure of t h e  l a t t e r  two compounds t o  60C 
f o r  t i m e  pe r iods  up t o  6 hours.  Extension of t h e  60C exposure revealed  
t h a t  i n t e r n a l  s t e r i l i z a t i o n  o f  t h e  p o t t i n g  compound was achieved a f t e r  
2 24 hours wi th  1.9% UF, whereas 2.6 x 10  spores  were recovered from the  
RTV-3140 MF system a f t e r  48 hours exposure (Figure  28).  No l o s s  of  
v i a b i l i t y  was observed i n  c o n t r o l  samples dur ing t h e  same time-temperature 
exposure. These r e s u l t s  i n d i c a t e d  s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  r a t e  
of release of formaldehyde f r c a  t h e  t h r e e  compounds d e s p i t e  t h e  f a c t  t h a t  
a l l  conta ined equ iva len t  amounts of a v a i l a b l e  formaldehyde res idue .  
Fur the r  s t u d i e s  conducted w i th  0.1% PF i n  RTV-3140 a t  60C revea led  complete 
5 i n a c t i v a t i o n  of 1 x 1 0  - B. s t ea ro the rmophi lus  spores  w i th in  24 hours  exposure 
(Figure 29). 
Minimal i n a c t i v a t i o n  ( ~ 2 5 % )  r e su l t ed  a f t e r  a  two-week cur ing per iod a t  
ambient temperatures when 1 x 105 - B. s tearothermophilus spores  were 
embedded i n  Chev Seal  3547 containing 1% PF (Figure 30). By comparison, 
similar s t u d i e s  with RTV-3140 containing 1% PF showed a t  l e a s t  a 99% 
reduction i n  v i ab l e  spores during the  same cur ing period (Figure 27). 
Addit ional  s t u d i e s  were conducted a t  60C on t h e  i n a c t i v a t i a n  of 1 x 10 5 
spores of - B. s tearothermophilus embedded i n  Chem Seal 3547 containing 
various s t e r i l a n t  add i t i ves  (Figure 31). The r e s u l t s  of these  t e s t s  
revealed complete i n a c t i v a t i o n  of spores  i n  mixtures containing 1% PF 
a f t e r  24 hours exposure, while s.?? ;. i e s  containing 2.1% UF were completely 
i nac t iva t ed  a f t e r  48 hours. Less than 35% ica , r . t ivat ion was observed i n  
samples of Chem Seal  containing 1.9% MF a f t e r  48 hours. These r e s u l t s  
a r e  i n  agreement wi th  those  of o t h e r  exp2riments i n  which PF w a s  t h e  most 
e f f e c t i v e  of t he  th ree  s t e r i l a n t s  wi th  UF and MF following i n  order .  
S t e r i l i z a t i o n  of Occluded Areas o f a c e c r a f t  Components 
The threads  of l ub r i ca t ed  and p l a i n  s t a i n l e s s  s t e e l  connectors were 
5 inoculated wi th  1 x 10 spores of - B. s tearothermophilus and exposed 
t o  1% PF f o r  var ious  time i n t e r v a l s  a t  60C. Resul ts  i nd i ca t ed  t h a t  a 
3-log decrease i n  v i a b l e  spores  occurred wi th in  12 hours on the  th reads  
of unlubr icated connectors. I n  subsequent tests, a 4-log i n a c t i v a t i o n  
of spores on p l a i n  s t a i n l e s s  s t e e l  connectors was achieved a f t e r  48 
hours exposure t o  1% PF (Figure 32). I n  tests using lub r i ca t ed  connectors,  
less i n a c t i v a t i o n  (about a 2-log dec l ine)  w a s  observed. Control p ieces  
showed no l o s s  of v i ab l e  spores throughout t h e  t e sc ing  period.  
I n  s t u d i e s  using 0.1% PF, a longer exposure per iod was requi red  t o  achieve 
r e s u l t s  comparable t o  those i n  which 1% PF was used (Figure 33). A 5-log 
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reduc t ion  of v i a b l e  spores  i nocu l a t ed  on t h e  innermost t h r ead  of s t a i n l e s s  
s t e e l  connectors  was achieved a f t e r  72 hours exposure t o  t h e  reduced 
concen t ra t ion  of polymer. Af t e r  48 hours  exposure,  a dec l i ne  of approximately 
4 112 logs  was observed. 
When s i m i l a r  s t u d i e s  were conducted us ing aluminum connectors ,  a s l i g h t l y  
f a s t e r  r a t e  of i n a c t i v a t i o n  was observed dur ing exposure t o  1% PF a t  60C. 
A ?..log dec l i ne  was observed a f t e r  1 8  hours exposure followed by t o t a l  
i n a c t i v a t i o n  a f t e r  24 hours.  When t h e  concen t ra t ion  of PF was lowered t o  
0.1% i n  subsequent s t u d i e s .  a reduced r a t e  of kill was observed when 
compared t o  s t u d i e s  i n  which 1.0% PF was used. Survivors  were p r e sen t  a t  
1 a concen t ra t ion  o f  1.2 x 10 a f t e r  24 hours  exposure. Thus, i n  t h e  case  of 
both t h e  s t a i n l e s s  s teel  and aluminum connectors ,  a r educ t ion  i n  concent.  4 t i on  
of PF from 1.0% t o  0.1% caused a corresponding decrease  i n  t h e  i n i t i a l  r a t e  
of spore  i n a c t i v a t i o n  dur ing  t h e  f i r s t  24-48 hours  of exposure. With 
s t a i n l e s s  s teel  connectors ,  e f f e c t s  due t o  concen t ra t ion  d i f f e r e n c e s  were 
n o t  c l e a r l y  apparent  a f t e r  approximately 48 hoursexposure. Tables 111 and 
I V  summarize t h e  r e s u l t s  obta ined i n  s t u d i e s  on occluded s u r f a c e s  of 
s t a i n l e s s  s tee1 and aluminum connectors .  
Less i n a c t i v a t i o n  r e s u l t e d  from t h e  exposure of - B. s t e a ro  thermophilus 
spores  on mated than on occluded su r f ace s .  S tud i e s  were conducted on 
mated s t a i n l e s s  s teel  s u r f a c e s  us ing  1% PF i n  which an o v e r a l l  r educ t ion  
of approximately 1 l o g  was observed a f t e r  192 hours ( e i g h t  days) exposure 
a t  60C (Figure  3 4 ) .  The d a t a  from tr ials  conducted us ing  a 0.1% PF- 
t r i c h l o r o e t h y l e n e  sp r ay  i n d i c a t e d  an average reduc t ion  of nea r l y  2 l ogs  
a f t e r  144 hours (Figure  35). Table V is a summary of t h e  r e s u l t s  ob ta ined  
i n  s t u d i e s  wi th  mated s u r f a c e s  of s t a i n l e s s  steel connectors .  
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The exposure of mated su r f aces  of aluninum (blue anodized type) connectors 
t o  1% PF-trichloroethylene spray r e su l t ed  i n  a 1 112 log decrease i n  
v iab le  spores  a f t e r  168 hours (seven days) exposure a t  60C. DMSO was not  
e f f e c t i v e  I n  enhancing gas pene t ra t ion ,  and hence spore  i n a c t i v a t i o n ,  i n  
s t u d i e s  on s t e r i l i z a t i o n  of mated su r f aces  of s t a i n l e s s  s t e e l  connectors. 
Thus, i n  a l l  ins tances ,  l e s s  i n a c t i v a t i o n  occurred when spores  on mated 
sur faces  were exposed ts PF-tr ichloroethylene spray than when occluded 
sur faces  were exposed t o  the  same condi t ions .  
Ef fec t  of Moisture on the  Inac t iva t ion  of Embedded Spores 
Establ ished d i f fe rences  i n  r e l a t i v e  humidity during precondi t ioning and 
subsequent embedding of spores i n  RTV-3140 po t t i ng  compound r e s u l t e d  i n  
d i s t i n c t l y  d i f f e r e n t  r a t e s  of i n a c t i v a t i o n  of spores during 60C exposures. 
Data ana lys i s  showed t h a t  the  time required f o r  s t e r i l i t y  increased with 
increas ing  r e l a t i v e  humidity, perhaps due t o  g r e a t e r  uptake of a v a i l a b l e  
moisture by t h e  p o t t i n g  compound and spores  during curing.  The average 
s t e r i l i z i n g  exposures were as  follows: 17% R.H. (4 hours 30 minutes) ,  
32% R.H. (5 hours 10 minutes) ,  55% R.H. (7 hours 10 minutes),  75% R.H. 
(8 hours) .  These r e s u l t s  are expressed i n  Figure 36 where a l i n e a r  
r e l a t i onsh ip  between r e l a t i v e  humidity and exposure time required f o r  
s t e r i l i t y  a t  60C i s  ind ica ted .  
Ef fec t  of Moisture on the  Inac t iva t ion  of  Spores on External  Surfaces 
Experiments on the  e f f e c t  of moisture on embedded spores  were extended 
t o  include the  in f luence  of moisture on the  i n a c t i v a t i o n  of spores  on 
ex t e rna l  sur faces .  The d a t a  obtained from these  s t u d i e s  were u t i l i z e d  
t o  construct  thermochemical death t i m e  (TCDT) curves by t h e  method of 
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l i n e a r  regression.  The decimal reduction ("D") valuc was obtained from 
the  s lope  of each TCDT curve and represented the  time i n  minutes required 
t o  reduce the  spore population by 90% of i t s  concentra t ion under the  
condi t ions  of the  experiment 
Exposures were conducted a t  40C and 25C u t i l i z i n g  spores of - B. -- s u b t i l i s  
var .  n i g e r  inoculated on f i l t e r  paper o r  s t a i n l e s s  s t e e l  strips. 
Inac t iva t ion  T r i a l s  Conducted a t  40C 
Figures 37 t h r ~ u g h  39 a r e  TCDT curves showing the  i n a c t i v a t i o n  r a t e s  of spores  
on f i l t e r  paper s t r i p s  exposed t o  1.0 mg/l formaldehyde gas i n  t he  presence 
of 30, 50, o r  70% R.H., r espec t ive ly .  P r i o r  t o  placement i n  the  s t e r i l i z i n g  
chamber, ind iv idua l  groups of spores ,  a s  ind ica ted  on t h e  f i gu re s ,  were 
precondit ioned i n  atmospheres of 15, 30, 50, o r  70% R,H. Thub, f o r  example, 
a t y p i c a l  exposure (such a s  i l l u s t r a t e d  by Figure 37) would have included 
four  groups of spores ,  each of which had been precondit ioned a t  15, 30, 50 
o r  70% R,H. and s~ibsequent ly  exposed simultaneously t o  a concentra t ion of 
1.0 mg/!. formaldehyde gas i n  an atmosphere of 30% R.H. I n  subsequent trials, 
s i m i l a r l y  precondit ioned groups of spores  were exposed t o  1.0 mgfl of 
formaldehyde i n  an atmosphere of 50 o r  70% R.H. Thus, i n  any one t r i a l ,  the  
only v a r i a b l e  was t h e  precondi t ioning r e l a t i v e  humidity l e v e l  employed p r i o r  
t o  exposure of t he  spores  t o  a given set of cyc le  parameters. 
Data ind ica ted  t h a t  the  r a t e  of spore  i n a c t i v a t i o n  increased with increas ing  
exposure humidity m d  t h a t  t he  rates of k i l l  were inf luenced more by exposure 
humidity than by the  r e l a t i v e  humidity a t  which t h e  spores  were preconditioned. 
Table V I  l ists the  b v a l u e s  f o r  each of t h e  trials depicted i n  Figures 37-39 
and shows t h a t  l a r g e  d i f f e r ences  i n  spore  i n a c t i v a t i o n  r a t e s  due t o  t he  
precondit ioning moisture l e v e l s  were no t  observed a t  any of the  exposure, 
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humidity l e v e l s  t es ted .  However, small  increases  i n  death r a t e s  a t  each 
exposure humidity d id  occur as a r e s u l t  02 increases  i n  precondit ioning 
r e l a t i v e  humidity l e v e l s  from 15% t h ~ o u g h  70%. 
When s t a i n l e s s  s t e e l  s t r i p s  were employed as the  s u b s t r a t e ,  t he  TCDT curves 
shown i n  Figures 40-42 and D-values shown i n  Table VIT were obtained. it 
was evident  t h a t  the  rate of spore  des t ruc t ion  was inf luenced by the  
r e l a t i v e  humidity e s t ab l i shed  during gas exposures i n  a manner similar t o  
t h a t  observed when paper s t r i p s  were u t i l i z e d  a s  spore  c a r r i e r s .  S ign i f i can t  
d i f f e r ences  i n  r a t e  of k i l l  due t~ v a r i a t i o n s  i n  precondit ioning r e l a t i v e  
humidi t ies  were not  apparent .  
I nac t iva t ion  T r i a l s  Conducted a t  25C 
A similar s e r i e s  of experiments were conducted with spores on f i l t e r  paper 
and s t a i n l e s s  s t e e l  s t r i p s  a t  25C. 
Figures 43-45 a r e  TCDT curves i nd i ca t ing  the  rates of spore  i n a c t i v a t i o n  
of B. s u b t i l i s  var.  n i g e r  spores on paper a t  25C. Table V I I I  l ists the  D- 
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values ca l cu l a t ed  f o r  aach of t he  t r i a l s  depic ted by t h e  curves i n  t he  Figures. ..+ . 
A s  i n  trials conducted a t  40C, t he  chamber humidity e s t ab l i shed  dzr ing 
exposure cycles was found t o  be very i n f l u e n t i a l  wi th  respec t  t o  rate of 
spore  i nac t iva t ion .  This was most evident  when exposure R.H. was increase2  
from 30 t o  50% and l e s s  when proceeding from 50 t o  70% exposures. -, 
With respec t  t o  t h e  in f luence  of precondi t ioning moisture l eve l s ,  
i t  w a s  found t h a t  a t  30% and 50% exposure chamber humidi t ies  t h e  rate of 
spore  k i l l  increased r egu la r ly  with spores  precondit ioned at  15% R.H. 
through those precondit ioned a t  70% R.H. 
Overal l ,  varying precondi t ioning r e l a t i v e  humidity d id  n o t  exert as clear 
an in f luence  a t  25C on rate of k i l l  of spores  on e ta in l . ess  steel as i n  
t r i a l s  conducted with spores on paper s t r i p s .  However, some evidence o,  
r a t e  fncrease  due t o  increased precondit ioning liumidity from 15% t o  70% 
was observed during the  exposures coiiducted at a chamber r e l a t i v e  humidity 
of 30%. The r e s u l t s  of the  t r i a l s  using s t a i n l e s s  s t e e l  s t r i p s  a r e  shown 
i n  Figures 46-48 and i n  .Table I X .  
Thus, both exposure r e l a t i v e  humidity and the  precondi t ioning humidity 
were found t o  exe r t  a  s i g n i f i c a n t  in f luence  on the  rate of sgore i n a c t i -  
va t ion  by formaldehyde a t  a 25C exposure temperature. These r e s u l t s  
were s l i g h t l y  d i f f e r e n t  from thosz obtained i n  40C t r ia ls  where 
precondit ioning r e l a t i v e  humidity w s s  found t o  e x e r t  less of an in f luence  
on rate of k i l l  than exposure chamber hcmidity. Apparently, t h s  h igher  
exposure temperature of 40C masked t h e  in f luence  of precondi t ioning 
r e l a t i v e  humidity t o  a g rea t e r  degree than. d j 4  the  25C exposure temperature. 
I t  is conceivable t h a t  a t  h igher  exposure temperatures o r  gas concentra t ions  
i n  excess of 1.0 mg/l, t he  in f luence  of p r e c o ~ d i t i o n i n g  humidity would be 
completely masked and the re fo re  i r r e l e v a n t  i n  t n e  design of a formaldehyde 
cycle  f o r  s t e r i l i z a t i o n  of exposed sur faces .  However, on t h e  b a s i s  of 
these  r e s u l t s  cons idera t ion  must be given t o  t h e  r e l a t i v e  humidity of the  
exposure chamber. This considerat ion may i n  tu rn  be i n f l ~ z n c e d  depending 
on whether t he  gas i s  expected t o  a c t  upon exposed su r f ace  contaminants a r  
must pene t r a t e  ma te r i e l s  containing microorganisms. 
Effect  of Re la t ive  Humidity and Temperature on Pene t ra t ion  of Formaldehyde 
- 
Through Bar r i e r s  
It was found t h a t  t he  permeabi l i ty  o t  formaldehyde gas decreased a t  25 
and 4QC a s  the  r e l a t i v e  humidity i n  the  exposure chamber increased.  A t  
both 25 and 40C, p e n c ~ r a b i l i t y  and hence i n a c t i v a t i o n  of th* i n i t i a l  lo6 
spore population was genera l ly  less a t  70% R.H. than a t  50% o r  30%, 
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respectively. These data  a re  expressed as D-values i n  Table X and as  TCDT 
curves i n  Figures 49 and 50. It was qui te  in te res t ing  t o  note t h s t  penetra- 
b i l i t y  of the gas was generally b e t t e r  a t  25C than a t  40C when comparable 
exposure R-H. l eve ls  were compares. For example, tbe r a t e  of spore 
inact ivat ion a t  25C and 50% R.H. was grea ter  than at 40C and 50% R.H. The 
reason for  t h i s  occurrence may have been due t o  differences i n  the ac tua l  
amount of moisti~re present i n  each exposure condition. Table X I  shows the 
amount of water vapor i n  a i r  f o r  each temperature i n  terms of mg/l. A t  any 
given re l a t ive  hunlidity, the amount of moisture present i n  a i r  varied with 
temperature and l e s s  than ha l f  a s  much w a s  present a t  25C as  at  40C. 
Appar-ntly, the formaldehyde gas rcolecules were more readi ly bound a t  the 
surfaces of the f i lm b a r r i e r s ,  and i n  the cot ton t o  some extent ,  a t  40C 
than a t  25C. Thus, the gas penetrated the  b a r r i e r s  a t  a given r e l a t i v e  
humidity more e r f i c i e n t l y  a t  25C resul t ing  i n  a f a s t e r  r a t e  of k i l l  of 
I 
enclosed ~ p o i . ~ .  ; As indicated bv the da ta  of Table X, the r a t e  of spore 
inac t iva t ion  a t  30% R.H. and 25C was qccelerated t o  the  extent  t h a t  1.9 
stirvivors were present a t  the  time of the i n i t i a l  sample (3 hours exposure). 
6 Since 10 spores were exposed, i t  is  assumed tha t  P . v a l ~ . . -  of 50 o r  less 
prevailed during these t r i a l s  as compared t o  a D-value of 88 f o r  exposure 
a t  40C and 30Z R.H. A D-value of 50 o r  less wot~ld be expected i n  comparison 
with the r e s u l t s  of other  tests. 
The data  may a l so  be examined fron the aspect of absolute r a the r  than 
re l a t ive  humidity t o  determine whether i n  t h e  presence of equivalent 
moisture concentration, gas molecules vary i n  rate of penetration with 
var ia t ion  in exposure temperature. A t  25C and 70% R.H. approximatelv 
14.1 mg/! water vapor were present whereas a t  40C and 30% R.H. 15.36 
mg/l water vapor were present. Since the  diffarence i n  moistllre l eve l s  
was ins igni f icant ,  the moisture f ac to r  could be regarded as  a constant 
and observed d i f fe rences  compared with respect  t o  temperature. Accordingly, 
i t  was noted t h a t  the  rate of i n a c t i v a t i o n  a t  40C was g r e a t e r  i n  each 
ins tance  except i n  those involving co t ton  a s  the  b a r r i e r  i nd i ca t ing  t h a t  
i n  t h e  presence of equivalent  moisture l e v e l s ,  temperature can a l s o  e x e r t  
an in f luence  on pene t ra t ion  of b a r r i e r  mate r ia l s .  
Formaldehyde Residual S tud ies  
A number of t r i a l s  were conducted t o  determine whether r e s i d u a l  formaldehyde 
could be detected on var ious  types of ma te r i a l s  a f t e r  gaseous exposure as a 
funct ion of varying parameters. 
Assays f o r  t he  de t ec t ion  of r e s i d u a l  formaldehyde on t e s t  p ieces  were con- 
ducted immediately a f t e r  exposure and a f t e r  holding 7 days under ambient 
condit ions.  Immediately a f t e r  exposure t o  1.0 mg/l of gas, hard su r f ace  i t e m  
such as s t a i n l e s s  steel, g l a s s ,  and polypropylene p l a s t i c  showed r.o t r a c e  
of  formaldehyde. I n  comparison, porous ma te r i a l s  such as f i l t e r  paper and 
co t ton  contained r e l a t i v e l y  high concentra t ions  of formaldehyde. Table XI1 
s h w s  t h e  d a t a  from assays conducted on var ious  m a t e r i a l s  exposed t o  d i f f e r -  
en t  cyc le  condit ions.  Where paper o r  co t ton  test p ieces  were ewosed  t o  1.0 
mg/l formaldehyde, no res idue was detected a f t e r  holding under ambient condi- 
t i o n s  f o r  7 days. When polystyrene o r  rubber materials were exposed t o  in -  
creased concentra t ions  of  6-18 mg/l of  gas, very l i t t l e  o r  no r e s i d u a l  w a s  
de t ec t ab l e  a f t e r  7 days. These r e s u l t s  i n d i c a t e  t h a t  r e s i d u a l  fcrmaldehyde 
should no t  be a s i g n i f i c a n t  f a c t o r  wi th  respec t  t o  hard su r f aces  such as 
those  evaluated i n  t h i s  study. Varying r e s i d u a l  l e v e l s  may occur i n  o r  on 
porous materials such as c lo th ,  paper, and s o f t  rubber. However, wi th  
a e r a t i o n  under ambient o r  e levated temperatures,  d i s r - l pa t ion  of t h e  formalde- 
hyde should occur read i ly .  
Experimental Results  of Fie ld  Trials on S t e r i l i z a t i o n  of the  Technology 
F e a s i b i l i t y  Spacecraft  -
A t o t a l  of e igh t  t r i a l s  were conducted at MSFC on the  cold  s t e r i l i z a t i o n  of 
e x t e r n a l  spacecraf t  su r - aces  wi th  dry lormaldehyde gas. The r e s u l t s  of a l l  
t r ia ls  a r e  summarized i n  Table X I I I .  
Trial 1 involved t h e  adaptat ion of eqq~ipment t o  t h e  chamber a f t e r  i n i t i a l  
BDRC d i r ec t ed  modification by B F C  personnel. No b i o l o g i c a l  spore  s t r i p s  
were placed wi th in  t he  cha~nber, however, gas w a s  disseminated i n t o  t he  
chamber and TFS t o  test the  funct ion of t he  disseminator ,  blower, and gas 
sampling un i t s .  Air flaw measurements and c i r c u l a t i o n  p a t t e r n s  w i th in  the  
chamber were determined before  gas dissemination was i n i t i a t e d .  The chemical 
e x t r a c t i o n  f i l t e r s  were t e s t e d  f o r  e f f i c i ency  following a 12-hour period 
during which formaldehyde gas w a s  con t inua l ly  r ec i r cu l a t ed  through t h e  chamber 
and e x t e r n a l  disseminating system. A number of minor system and equipment 
problems were resolved during t h i s  t r i a l ,  pe rmi t t i ng  a c t u a l  s t e r i l i z a t i o n  
cycles  t o  commence with  Tria l  2. 
The chamber and TFS were seeded with  50 sets of b i o l o g i c a l  spore  s t r i p s  i n  
4 7 Trial 2. Each set of 10 -10 spore  s t r i p s  was placed i n  a given l o c a t i o n  
(Figures 7 through 9).  I n  add i t i on ,  spore  s t r i p s  w i t h i r  polyethylene and 
l a t e x  b a r r i e r s  were included (Table X I V )  t o  test penetrabil i ty of t h e  gas 
under t h e  parametric condi t ions  es tab l i shed .  The r e s u l t s  of t h i s  f i r s t  
attempt a t  s t e r i l i z a t i o n  were extremely good consider ing t h a t  t he  exposure 
5 6 temperature w a s  only 663. A l l  of the  lo4,  10 , and 10 spore  s t r i p s  were 
completely i nac t iva t ed  (50 s t r i p s  of each concentrz t ion)  and 46/50 spore  
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s t r i p s  of t he  10 concentra t ion were i n a c t i v a t e d  a f t e r  t h e  12-hour exposure. 
6 A l l  of t h e  s t r i p s  (10 concentrat ion) w i th in  t h e  l a t e x  b a r r i e r s  were sterile; 
however, the  gas did not  s t e r i l i z e  t he  spore  s t r i p s  wi thin  the  1 ,2 ,4 ,  and 6 
: . d l  p o l y e t h y l e ~ e  b a r r i e r s .  Chemical i n d i c a t o r  s t r i p s  d id  show t h a t  some 
gas penetra ted the  1 m i l  polyethv1er.e f i l m  hut  i n  an i n s u f f i c i e n t  amount t o  
s t e r i l i z e .  The r e s u l t s  of t h i s  i n i t i a l  b i o l o g i c a l  t r i a l  ind ica ted  the  
p o t e n t i a l  f e a s i b i l i t y  of us ing formaldehyde gas t o  s t e r i l i z e  the  sur faces  
of e n t i r e  spacecraf t  under cold o r  ambient s t e r i l i z a t i o n  condi t ions .  
Trial 3 condi t ions  included an exposure temperature of 86F and cyc le  tine 
of 6 hours on t . ~ e  b a s i s  of previous exce l l en t  r e s u l t s  at  a lower temperature 
and longer  time. Amnonia gas as re leased  from heated ammonium carbonate 
powder w a s  used t o  n e u t r a l i z e  t h e  monomeric f~rmaldehyde gas upon completion 
of  t h e  s t e r i l i z a t i o n  cycle.  Resul ts  of  t h i s  t r i a l  showed t h a t  100% s t e r i l i t y  
w a s  achieved at  all spore  s t r i p  concentrat ions.  Gas p e n e t r a b i l i t y  s t u d i e s  
us ing f i l m  b a r r i e r s  were not performed i n  t h i s  t r i a l ,  however, gas r e s i d u a l  
s t u d i e s  were included t o  determine the  amou~ t  of r e s idua l  formaldehyde de- 
t e c t a b l e  on g l a s s ,  p l a s t i c ,  and s t a i n l e s s  s t e e l  sur faces .  S t r i p s  removed 
immediately a f t e r  formaldehyde exposure and placed i n  d i s t i l l e d  water  tubes 
f o r  zssay showed no t r a c e  of r e s idua l  formaldehdye gas. However, s t r i p s  
removed a f t e r  t he  n e u t r a l i z a t i o n  cycle  was completed showed t h a t  formaldehyde 
was bound on t h e  sur faces  i n  t he  hexa1rlethy1enetetranC.r.e complex formed by 
the  r eac t ion  of  formaldehyde and ammonta. Glass adsorbed the  g r e a t e s t  amount 
of hexamethylenetetramine fcllowed respec t ive ly  by s t a i n l e s s  steel and 
p l a s t i c  which adsorbed approximately 1 /5  and 118 as much of t h e  complex as 
g lass .  
Trial  4 parametric condi t ions  were e s s e n t i a l l y  t he  same as those of Trial  
2 except t h a t  two room air fans were placed wi th in  the  test chamber t o  a i d  
i n  the  dynamic movenent of the  c i r c u l a t i n g  gas-ai r  mixtures. I n  addi t ion ,  
pure ammonia gas from a cy l inder  was used t o  n e u t r s l i z e  t he  formaldehyde 
a t  t he  completion of t h e  6-hour exposure cycle  i n s t ead  of ammonia der ived 
from t h e  hea t ing  of ammonium carbonate powder. I t  was ca lcu la ted  t h a t  
approximately 2.9 cubic f e e t  of gas would be  necessary t o  n e u t r a l i z e  a 
concentra t ion of approximately 1.5 mg/l of formaldehy6e gas i n  t he  5560 
cubic f e e t  of chamber space. The ammonia was i n j e c t e d  d i r e c t l y  i n t o  t he  
chamber upon completion of t h e  formaldehyde exposure cycle at  a r a t e  of 
0.15 cubic f e e t  pe r  minute. Upon completion of t h e  a m n i a  gas i n j e c t i o n  
per iod,  an add i t i ona l  period of 15 minutes was allowed before  t h e  chamber 
door was opened f o r  entrance of personnel. Upon c u l t u r e  of t he  spore  s t r i p s ,  
i t  bias found t h a t  the  r e s u l t s  were less success fu l  than i n  previous t r i a l s .  
Ls shown i n  Table X I I I ,  the  percent  i n a c t i v a t i o n  of spore  s t r i p s  i n  paper 
7 
enclosed envelopes ranged from a low of 60% on 10 s t r i p s  t o  a high of 100% 
4 5 
on 10 s t r i p s  wi th  94% and 88% inac t iv2 t ion  of  spores  on lo6 and 10 l e v e l s ,  
respec t ive ly .  Spores e n c l ~ s e d  wi th in  permeabi l i ty  b a r r i e r s  (Table XV) were 
4 5 i nac t iva t ed  completely a t  10 and 10 concentra t ions  i n  2 m i l  polyethylene 
4 6 pouches and a t  10 through 10 concentra t ions  i n  4 m i l  polyethylene pouches. 
Sccres encloseri wi thin  cloth-covered urethane foam were i nac t iva t ed  at  10 4 
5 
and 1Cl l e v e l s .  
During Trial  5,  the  room a i r  fans were not u t i l i z e d  f o r  c i r c u l a t i o n  of t he  
a i r -gas  mixture a s  i r  the  previous cycle  and represented the  only system 
modification made. The parameters e s t ab l i shed  were s l i g h t l y  d i f f e r e n t  than 
i n  T r i a l  4 s i n c e  the  gas concentra t ion was 0.2 m g l l h i g h e r  and t h e  r e l a t i v e  
humidity averaged 63% o r  approximately 16% higher  than i n  the  previous 
t r i a l .  The temperature and exposure per iod were the  same as emplayed 
i n  T r i a l  4. Resul ts  of r h i s  t r i a l  a r e  summarized i n  Table 9111 and 
show t h a t  l e s s  success was achieved than i n  previous t r ials .  Percent  in -  
7 
a c t i v a t i o n  of spores  ranged from 38% a t  t he  10 l e v e l  t o  92% a t  the  1 P  4 
l eve l .  A g r e a t e r  v a r i e t y  of permeabi l i ty  h a r r i e r s  were included i n  t h i s  
t r i a l  as shown i n  Table X V I .  The r e s u l t s  obtained i n  t h e  p e n e t r a b i l i t y  t e s t s  
wi th  corresponding b a r r i e r s  used i n  previous t r ia ls  were e s s e n t i a l l y  s imi l a r .  
I n  b a r r i e r  t e s t s  not previously  included,  i t  was found t h a t  complete i n a c t i -  
4 5 4 
va t ion  of 10 and 10 spores  occurred wi th in  cellophane f i l n ;  10 spores  
4 5 
were i n a c t i v a t e d  wi thin  g iass ine  paper b a r r i e r s ;  and both 10 and 10 spores  
concentrat ions were i nac t iva t ed  wi th in  co t ton  b a r r i e r s  and screwcapped poly- 
sy t rene  f l a sks .  
Trial  6 parameters were very similar t o  those  e s t ab l i shed  i n  T r i a l  4 except 
t h a t  chamber humidity w a s  con t ro l l ed  throughout t he  cycle  with a dehumidifier  
and room a i r  fans were not  used f o r  c i r c u l a t i o n  of  t h e  air-gas mixture during 
t k  6-hour exposu;e period.  Again, t h e  r e s u l t s  of  s t e r i l i t y  t e s t s  showed 
t h a t  l im i t ed  success was achieved as a r e s u l t  of exposure of b io log ica l  
i nd i ca to r s  t o  t he  cycle  condi t ions  es tab l i shed .  The percent  i n a c t i v a t i o n  
7 
of spore  concentra t ions  ranged from 14% a t  the  10 l e v e l  t o  70% a t  t he  10 4 
l e v e l .  The r e s u l t s  of p e n e t r a b i l i t y  tests (Table XVII) were b e t t e r  than i6 
t h e  previous t r i a l  and comparable t o  those of Trial .  4. This was b a s i c a l l y  
due t o  t he  enhanced p e n e t r a b i l i t y  of  t he  gas at  t h e  l e v e l  of r e l a t i v e  humi- 
d i t y  e s t ab l i shed  during the  cycle.  The increased i n a c t i v a t i o n  observed i n  
t he  b a r r i e r  tests as ccmpared t o  paper enclosed s t r i p s  probably r e su l t ed  
from b e t t e r  r e t en t ion  of t he  gas wi th in  t he  b a r r i e r s .  
The parameters e s t ab l i shed  i n  T r i a l  7 were similar t o  those  of T r i a l  6 zxcept 
t h a t  t he  exposure cyc le  was increased t o  12 hours i n  an at tempt t o  achieve 
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t o t a l  spore  i nac t iva t ion .  In  addi t ion  t o  the  use of a dehumidifier  i n  t he  
chamber, exce l l en t  temperature regula t ion  was achieved i n  Trial  7 by the  use 
of thermos ta t ica l ly  con t ro l l ed  hea t ing  lamps placed wi th in  t he  chamber. Tbe 
dissemination of gas was a l s o  semi-automated by the  use of a day-night 
t iming device t o  c c t i v a t e  the  hot  p l a t e  used f o r  them-al  r e l ea se  of formal- 
dehyde from paraformaldehyde powder. Formaldehyde was neu t r a l i zed  a t  t h e  
completion of t h e  exposure cyc le  by the  i n j e c t i o n  of ammonia gas i n t o  t he  
chamber. A s  shown i n  Table X I I I ,  t he  r e s u l t s  of T r i a l  7 were t he  l e a s t  con- 
s i s t e n t  obtained i n  a l l  t r i a l s  conducted. The r e s u l t s  of b a r r i e r  t e s t s ,  
shown i n  Table XVIlIwere not  as success fu l  as from previous t r i a l s .  
The parameters e s t ab l i shed  i n  T r i a l  8 were t he  same as i n  t h e  previous trial 
except t h a t  the  Cormaldehyde gas concentra t ion was increased t o  2.1 mg/l. 
4 7 I n  addi t ion  t o  the  50 s e t s  of '10 -10 spore  s t r i p s  normally used, 20 e x t r a  
4 7 10 -10 s e t s  were placed i n  t h e  chamber a t  var ious  l oca t ions  on t h e  e x t e r n a l  
su r f ace  of the  TFS and chamber wal l .  These e x t r a  s t r i p s  were not  removed 
u n t i l  a f t e r  t he  compietion of both t he  fcrmaldehyde gas and t h e  ammonia 
4 7 
n e u t r a l i z a t i o n  cycles.  The set of 50 10 -10 spore  s t r i p s  and a l l  b a r r i e r  
enclosed spore  s t r i p s  were removed immediately a f t e r  exposure t o  formaldehyde 
gas. It was t h e  i n t e n t i o n  of t h i s  study t o  compare t h e  r e s u l t s  of s t e r i l i t y  
tests from both groups of exposed s t r i p s  i n  o rde r  t o  determine whether t h e  
arnn.onia gas was i n t e r f e r i n g  wi th  t h e  k i l l i n g  ac t ion  of formaldehyde by 
premature neu t r a l i za t ion .  Resul ts  obtained from spores-exposed t o  formal- 
dehyde only o r  formaldehyde plus a m n i a  a r e  summarized as T r i a l s  8a  and 8b 
respec t ive ly ,  i n  Table XIII. The r e s u l t s  of permeabi l i ty  tests are sum- 
marized i n  Table XIX.  The d a t a  ind ica ted  t h a t  ammonia neutra l izatLon of 
formaldehyde apparent ly  did  cause a reduction i n  spore  i nac t iva t ion .  This 
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6 7 
was p a r t i c u l a r l y  obvious a t  10 and 10 spore  concec t r a t i ons  a t  which 
reduct ions  i n  percentage i n a c t i v a t i o n  were 15% and 62%, respect i .ve ly .  
Corol lary  l abora to ry  experiments conducted a t  the  BDRC a l s o  i n d i c a t e d  
t h a t  ammonia gas  was a b l e  t o  i n h i b i t  t h e  e f f e c t  of fomaldehyde gas  
a f t e r  exposure of spores  t o  t he  s t e r i l a n t .  The r e s u l t s  from exposure 
of spore  s t r i p s  t o  formaldehyde gas on!.y were t h e  most succe s s fu l  achieved 
s i n c e  T r i a l s  2 and 3.  
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DISCUSSION 
The i n i t i a l  s tudy conducted by Becton, Dickinson and Company (NASA 
Contract  NASw-i764) on t h e  p o t e n t i a l  a p p l i c a t i o n  of formaldehyde-l iberat ing 
compounds t o  the  i ~ ~ t e r n a l  s t e r i l i z a t i o n  of p o t t i n g  compounds i n d i c a t e d  
t h a t  t he  o v e r a l l  concept was e n t i r e l y  f e a s i b l e .  The s t s d y  had e s t a b l i s h e d  
the s u i t a b i l i t y  of us ing RTV-3140 p o t t i n g  compound as a c a r r i e r  f o r  s t e r i l a n t  
a d d i t i v e s  and an e f f i c i e n t  and reproduc ib le  procedure f o r  t h e  q u a n t i t a t i v e  
assay of i n t e r n a l  s t e r i l i t y  was developed. 
I n  a  continuance of t h e  i n i t i a l  con t r ac t ,  s t u d i e s  were conducted wi th  
a d d i t i o n a l  p o t t i n g  compounds and formaldehyde-l iberat ing chemicals .  A 
screening program t o  s e l e c t  cand ida te  c a r r i e r  m a t e r i a l s  and s t e r i l a n t  
a d d i t i v e s  f o r  use i n  model s t e r i l a n t - c a r r i e r  systems was conducted. The 
c a r r i e r  ma t e r i a l s  inc luded f  l i g h  t-approved p o t t i n g  conpounds , s e a l a n t s ,  
adhes ives ,  and cover ing m a t e r i a l s  provided by Marshall  Space F l i g h t  Center.  
On t h e  b a s i s  of  t h e  e s t a b l i s h e d  c r i t e r i a ,  t h e  ma jo r i t y  of compounds t e s t e d  
were found unsu i t ab l e  f o r  use  wi th  s t e r i l a n t s  except  f o r  Chem Sea l  3547 
and Napcofoam. The p r o p e r t i e s  of Chem Sea l  3547 were s i m i l a w  t o  RTV-3140; 
however, Napcofoam was a r i g i d  foam and thus  d i f f e r e d  considerably  from 
t h e  o t h e r  compounds. 
I n  r e l a t e d  s t u d i e s ,  Urac 110 (Amer ic~n  Cyanamide Co.) and Dantoin 685 
(Glyco Chemicals, Inc.)  were i n ~ e s t i g a t e d  t o  determine s u i t a b i l i t y  as 
s t e r i l a n t  a d d i t i v e s .  Bcth chemicals con t a in  formaldehyde r e s idues  and 
l i b e r a t e  formaldehyde gas  a t  e l eva t ed  temperatures.  Loss of weight  as a 
tunc t ion  of e l eva t ed  temperature of Urac 110 and Dantoin 685 revea led  t h a t  
k i n e t i c s  of formaldehyde l i b e r a t i o n  from t h e  two conpoulds were d i s s i m i l a r .  
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A t  temperatures of 45, 60, 90, and 125C a f t e r  24 hours exposure,  r e s p e c t i v e  
weight l o s s e s  of approximately 2.0, 2.4, 6.0 and 12.42 were recorded f o r  
Urac 110 i n  comparison t o  0 .5 ,  1.0,  32, and 85% weight l o s s e s  f o r  Dantoin 
685 a t  the  siime temperatures.  The obsnrva t ion  t h a t  Dantoin 685 l i q u ~ f i e d  
a t  90 and 125C was cons idered  a s  c o n t r i b u t o r y  t o  t h e  o v e r a l l  weight l o s s  
s i n c e  t h e  compound conta ined only  about  20% formaldehyde res idue .  The 
incorpora t ion  of Urac 110 i n t o  RTV-3140 and RTV-118 r e s u l t e d  i n  2- 
2.5% weight l o s s  a t  60C over p e r i o d s  of 1-6 hours  with no dec rease  i n  
b i o c i d a l  a c t i v i t y  a s  determined by zone i n h i b i t i o n  s t u d i e s .  This  compound 
was inc luded a s  a cand ida te  s t e r i l a n t  i n  subsequent  s t u d i e s .  
Q u a n t i t a t i v e  assay  t e c h n i q u , ~  were employed t o  v e r i f y  t h e  i n t e r n a l  
s t e r i l i t y  of s e l e c t e d  p o t t i n g  compound-sterilant systems.  Concurrent ly,  
t h e  concen t ra t ion  of s t e r i l a n t  a d d i t i v e  ( i . e . ,  melanine formaldehyde, u rea  
formaldehydz o r  paraformaldehyde) was v a r i e d  i n  o r d e r  t o  e s t a b l i s h  t h e  
r e l a t i o n s h i p  between a d d i t i v e  c o n c e n t r a t i o n  and time r e q u i r e d  t o  achieve  
s t e r i l i t y  a t  va r ious  exper imenta l  tempera tures .  These s t u d i e s  confirmed 
e a r l i e r  f i n d i n g s  which i n d i c a t e d  t h a t  t h e  polymer, paraformaldehyde, was 
s u p e r i c r  t o  the  s y n t h e t i c  r e s i n s  a s  a s t e r i l a n t  a d d i t i v e .  This  compound 
was thus  u t i l i z e d  i n  most of t h e  subsequent c o n t r a c t  s t u d i e s .  
I n  o r d e r  t o  determine whether PF could be a p p l i e d  by sp ray ,  brush ,  o r  
d i p  procedures,  a n  e f f e c t i v e  method was developed us ing  sprayed s u r f a c e s  
of meta l  t o  determine ? e n e t r a t i o n  of t h e  evolved gas I n t o  F* cd and occluded 
a r e a s  of s p a c e c r a f t  p a r t s .  Spacecra f t  tubing connectors  se rved  a s  convenient  
test p i e c e s  s i n c e  they possessed  both  occluded ( th reads )  and mated ( tub ing  
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and connector  s u r f a c e s )  a r e s s .  Tes t  d a t a  revealed  t h a t  t h e  dry gas couid 
e f f e c t i v e l y  p e n e t r a t e  and s t e r i l i z e  occluded areas even a t  reduced (0.1%) 
. 
concen t ra t ions  of paraforn!aldehyde. Less i n a c t i v a t i o n  of spores  inocu'ated { 
on mated s u r f a c e s  was achieved,  even a f t e r  extended exposure pe r iods  ! 
(i. e . ,  us ing a 0.1% concen t ra t ion  of paraformaldehyde i n  t r i ch lo roe thy l ene ,  
a 2-lqg reduc t ion  was achieved a f t e r  seven days exposure a t  6OC). These 
r e s u l t s  were n o t  unexpected s i n c e  t he  mated s u r f a c e  a r e a  of  t h e  tubing 
connector  assembly is i n t e n d 4  t o  be  gas  t i g h t .  Hoxzver, these  r e s u l t s  
d i d  i n d i c a t e  t h a t  dry formaldehyde gas  does possess  good p e n e t r a o i l i t y  
f o r  threaded (occluded) and mated a r z a s ,  The use of DMSO d i d  n o t  enhance 
pene t r a t i on  o r  a c t i v i t y  o f  PF i n  tests us ing  s p z c e c a r f t  tubing connectors .  
Thus, f o r  very e f f i c i e n t  and s h o r t  t e r n  s t e r i l i z a t i o n ,  PF could b e  app l i ed  
d i r e c t l y  t o  occluded and matr 1 s u r f a c e s  by a sp r ay ,  brush,  o r  d i p  procedure. 
Experiments on t h e  i n f l uence  of mois ture  (% r e l a t i v e  humidity)  demons txa ted  
t he  importance of t h i s  parameter  on t h e  rate of i n a c t i v a t i o n  of spores ,  
e s p e c i a l l y  i n  t h e  presence  of low l e v e l s  of formaldehyde gas.  
S tud ies  conducted on spores  embedded i n  p o t t i n g  compound shuwed t h a t  t h e  
rate of i n t e r n a l  s t e r i l i z a t i o n  was enhanced i n  t h e  p lesence  of  low mois ture  
l e v e l s .  Spores precondi t ioned a t  75% R.H. and subseq11ently exposed a t  
t h e  same R.H. dur ing cu r ing  of t h e  p o t t i n g  compound i n  which embedding took 
p l ace  requ i red  twice as long f o r  i n a c t i v a t i o n  as spo re s  which were precondi- 
t ioned  and cxred a t  17% R.H. Wnen t h e  d a t a  was p l o t t e d  from r e p l i c a t e  t r ials  
conducted wi th  spores  exposed t o  1 7 ,  32, 55, and 75% R.P., t h e  curve  ob ta ined  
shirwed t h a t  exposure time requ i r ed  f o r  s t e r i l i t y  i nc r ea sed  i n  a linear 
macner from lowest  t o  h ighes t  mois ture  l e v e l s  i nves t i ga t ed .  Never theless ,  
~ n l y  8-hours exposure a t  60C and 1% PF was r equ i r ed  fc !: i n a c t i v a t i o n  of 
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spores  p rev ious ly  exposed t o  75% R. H, Tl+us, s t e r i l i z a t i o n  was performed 
e f f e c t i v e l y  i n  t h e  presence of h igh  a s  w e l l  a s  low mcis tu rc  l e v e l s  even 
though r a t e  ~ i f f e x e n c e s  were d e t e (  t a b l e .  
The d i f f e r e n c e s  observed i n  t h e  r a t e  of k i l l  of spores  on ' su r faces  i i i  t h e  
presence of  t h e  va r ious  s t e r i l i z a t i o n  chamber exposure i iumid i t i e s  were 
n o t  unexpected. A t  h i g h e r  r ro is ture  l e v e l s ,  a  "formalin e f f e c t "  is exer red  
and formaldehyde h s  more e f f i c i e n t  i n  i t s  k i l l i n g  a c t i o n .  Data i n d i c a t e d  
t h a t  t h e  mois ture  l e v e l s  a t  which spores  were condi t ioned p r i o r  t o  exposure 
t o  formaldehyde gas were n o t  a s  i n f l u e n t i a l  a s  t h e  mois tu re  l e v e l s  
e s t a b l i s h e d  dur ing  exposure. This  p o i n t  was p a r t i c u l a r l y  impor tant  t o  
e l u c i d a t e  because i t  was t h e  i n t e n t  of t h e  c o n t r a c t o r  t o  use  minimal 
concen t ra t ions  of  s t e r i l a n t  a s  a  means of reducing o r  e l i m i n a t i n g  any 
p o t e n t i a l  r e s i d u a l  problems. With gaseous sterilarits, i t  is known t h a t  
one o r  more i n t e r r e l a c e d  parameters  may e x e r t  sll j-nfluezce under c e r t a i n  
cond i t ions ,  which may b e  o the rwise  masked. S ince  low c c n c e n t r a t i o n s  of 
formaldehyde were .  employed, i t  was important  t o  determine how o t h e r  
pa lameters  in f luenced  t h e  e f f i c a c y  of  t h e  gas .  Although some d i f f e r e n c e o  
i n  i n a c t i v a t i o n  r a t e  were observed wi th  f i l t e r  paper  a t  40C as precondiy  
t i o n r n g  humidity l e v e l s  were incre-sed,  t h e s e  d i f f e r e n c e s  d isappeared  
when s t a i n l e s s  s tee1 s t r i p s  were employed a:; s p o r e  c a r r i e r s .  The d i f f e r e n c e  
was apparen t ly  r e l a t e d  t o  s u b s t r a t e  a f f i n i t v  of  paper  f o r  mois tu re  uptake 
by ~ b s o r p t i o n  a s  opposeJ t o  t h e  amount capable  of uptake by a d s o r p t i o n  
with s t a i n l e s s  s t e e l  s t r i p s .  The d i f  f e r a n c e s  obcervcd, though small 
i n  the c a s e  of f i l t e r  -%per  s t r i p s ,  were n e v e r t h e l e s s  s i g n i f i c a n t .  
Exposure hilmidity was s l z o  very i n f l u e n t i a l  i n  trials c ~ n d u c t e d  a: 25C. 
The e f f e c t  of p recond i t ion ing  of spores  on i i l t e r  paper  appeared t o  b e  
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q u i t e  i n f l u e n t i a l  a t  30 and 50% exposure humidity. However, da t a  were 
somewhat e r r a t i c  i n  experiments conducted at  a 70% exposure h m i d i t y  and 
did not  permit an unequivocal conclusion t o  be made. The only noticeabl;., 
e f f e c t  of precondit ioning humidity when s t a i n l e s s  s t e e l  s t r i p s  were 
u t i l i z e d  occurred i n  t r i a l s  conducted a t  30% exposure R.H. A s  precondi- 
t ion ing  humidity l e v e l s  were increased,  t he  rate of spore  i n a c t i v a t i o n  
increased u n t i l  it became r e l a t i v e l y  constant  a t  50 and 70% R.H. 
precondit ioning atmosphereq. A s  i n  t r ials  with paper s t r i p s ,  t he  da t a  
obtained i n  s tud ie s  conducted a t  70% exposure R.H. were somewhat i r r e g u l a r .  
The inac t iva t ion  ra tes  of spores on f i l t e r  paper s t r i p s  and on the  sor face  
of s t a i n l e s s  s t e e l  s t r i p s  were g rea t ly  a f f ec t ed  by exsnsuL temperature 
i n  add i t i on  t o  the  exposure humidity. The D-values of spores  exposed a t  
40C on f i l t e r  paper s t r i p s  w e r e  less than those f o r  spores  exposed on 
f i l t e r  paper a t  25C ind ica t ing  a f a s t e r  rate of i nac t iva t ion .  S imi la r ly ,  
the  I?-values f o r  spores  exposed at 40C on s t a i n l e s s  steel s t r i p s  were less 
than comparable trials conducted a t  25C. 
The i n £  luence of s u b s t r a t e  w a s  a l s o  no t iceab le  on the  i n a c t i v a t i o n  rates 
of s p ~ r e s  a t  25 and 40C. A t  25C, t h e  D-values f o r  30 and 50% exposure R.H. 
were s i g n i f i c a n t l y  l e s s  f o r  spores  on f i l t e r  paper thac  f o r  spores  on 
s t a i n l e s s  s t e e l  s t r i p s .  However, t he  d i f fe rences  were l e s s  at  70% exposure 
R.H. S imilar  r e s u l t s  were obtained at 40C and exposure R.H.'s of 30 and 50%. 
A t  t he  70% exposure R.H., t h e  D-values f o r  spores  o n  s t a i n l e s s  steel s t r i p s  
were q u i t e  similar t o  those  f o r  spores  on f i l t e r  paper s t r i p s  i nd i ca t ing  
t h a t  the  higher  R.H. aided i n  overcoming the  in f luence  of s u b s t r a t e  
d i s s imi l a r i t y .  
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These r e s u l t s  i n d i c a t e d  t h a t  exposurt? humidity should always be considered 
as an important  f a c t o r  i n  t he  des ign  of a formaldehyde gas  cyc le  f o r  t h e  
s t e r i l i z a t i o n  of  e x t e r n a l  su r f ace s .  The p recond i t ion ing  humidity may be 
regarded a s  a less i n f l u e n t i a l  f a c t o r ,  e s p e c i a l l y  i f  e l e v a t e d  temperatures 
and a gas c o n c e ~ ~ t r a t i o n  g r e a t e r  than 1.0 mg/l is  employed, s i n c e  t he se  
could completely mask t h e  i n f l uence  of p recond i t ion ing  mois ture  l e v e l s .  
The r e s u l t s  of  experiments conducted on t h e  i n a c t i v a t i o n  of b a r r i e r -  
enclosed spores  revealed  t h a t  both mois ture  and temperature exe r t ed  
s i g n i f i c a n t  in f luences  on rate of k i l l .  Data i n d i c a t e d  t h a t  a r e l a t i v e  
humidity range of 30-50% would probably be  pe rmiss ib le  f o r  t h e  s t e r i l i z a t i o n  
of  ba r r i e r -p ro t ec t ed  microorganisms a t  a temperature of 25C. A t  40C a 
re1.ativz humidity l e v e l  of approximately 30% would be more e f f e c t i v e  
than would atmospheres of 50 o r  70% R.H. 
Resu l t s  o f  s t u d i e s  conducted t o  determine whether formaldehyde r e s idues  
occurred  fol lowing exposure i n d i c a t e d  t h a t  l i t t l e  o r  no problem r e s u l t e d  
wi th  r e spec t  t o  t h e  formation of r e s i dues  i n  o r  on m a t e r i a l s .  Any 
r e s i d u a l  formaldehyde t h a t  &id  r e s u l t  w a s  e a s i l y  d i s s i p a t e d  wi th  a e r a t i o n  
a t  ambient cond i t ions .  Elevated temperatures of  a e r a t i o n  would enhance 
t h e  process  of d i s s i p t a t i o n  of  r e s i dua l s .  In f i e l d  t r ia l . ;  conducted a t  
MSFC,ammonia gas  w a s  u t i l i z e d  t o  n e u t r a l i z e  formaldehyde ga s  immediately 
upon t he  conclusion of exposure cycles .  I t  w a s  noted  t h a t  more r e s i d u a l  
formaldehyde was de t ec t ab l e  on m a t e r i a l s  exposed t o  ammonia than on 
materials exposed t o  formaldehyde only  and removed before  ammonia w a s  used. 
This  was apparen t ly  t h e  r e ~ u l t  of p r e c i p i t a t i o n  of  the  n e u t r a l  r c a c t i o n  
product ,  hexamethylenetetramine, on t h e  s u r f a c e s  of  t h e  test materials used. 
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The i n i t i a l  s e r i e s  of  f i e l d  t r i a l s  conducted a t  >ISFC demonstrated t h e  
f e a s i b i l i t y  of  l a r g e  s c a l e  s t e r i l i z a t i o n  c ~ f  s p a c e c r a f t  s u r f a c e s  wi th  dry 
formaldeilyde gas a t  low concen t ra t ions .  During t h e  course  of T r i a l s  4-8, 
a t t e n t i o n  was d i r e c t e d  towards an a t tempt  t o  r e s o l v e  t h e  decreased i n a c t i -  
v a t i o n  of spores  vhich occurred  i n  t:;ese cyc les .  It jecame apparen t  t h a t  
t h e  spores  used f o r  t h e  p r e p a r a t i o n  of t h e  s p o r e  s t r i p s  employed i n  
Trials 4-7 were approximately twice as r e s i s t i v e  a s  tnose  used i n  T r i a l s  
2 ,  3 ,  and 8. This  anomaly i n  combination w i t h  t h e  e i n p i r i c a l l y  proven 
obse rva t ion  t h a t  pure ammonia gas  used f o r  n e u t r a l i z a t i o n  was a b l e  t o  
r e v e r s e  t h e  e f f e c t  of formaldehyde provided a r a t i o n a l e  f o r  t h e  l a c k  of 
success  achieved i n  t h e  i n d i c a t e d  t r i a l s .  Although ammonia gas  w a s  used 
i n  T r i a l  3, i t  was the rmal ly  genera ted  f?:om ammonium ca rbona te  powder 
and used at a l e s s e r  c o n c e n t r a t i o n  than when pure  ammonia gas  was i n j e c t e d  
i n t o  th?  chamber f  ron  a c y l i n d e r .  
R e s u l t s  sugges ted  t h a t  when low c o n c e n t r a t i o n s  of formaldehyde are used, 
ammonia may r e v e r s e  b i o c i d a l  e f f e c t s  i f  in t roduced i n t o  t h e  s t e r i l i z i n g  
chamber t o o  quickly .  The e x a c t  ce:;rcionship between formaldehyde 
exposure of m a t e r i a l s  and t h e  i a t r c d u c t i o n  of n e u t r a l i z i n g  chemicals  such 
as ammonia should be w e l l  es ta51is1 .~cd t o  avo id  r e v e r s a l  of t h e  b i o c i d a l  
a c t i v i t y  of for:naldehyde. The reas t  n f o r  good i n a c t i v a t i o n  of s p o r e s  
packaged w i t h i n  v a r i o u s  b a r r i e r s  ma) have been due t o  t h e  good p e n e t r a t i o n  
of farmaldehyde gas dur ing  t h e  extended exposure c y c l e  and l i m i t e d  o r  no 
p e n e t r a b i l i t y  of  ammonia dur ing  t h e  r e l a t i v e l y  s h o r t  n e u t r a l i z i n g  per iod .  
Addi t iona l  work on t h e  k i n e t i c s  of n e u t r a l i z a t i o n  of formaldehyde gas  by 
ammonia is  i n d i c a t e d .  
CONCLUSIONS 
1. The f e a s i b i l i t y  of us ing  formaldehyde-l iberat ing s y n t h e t i c  r e s i n s  o r  
polymers f o r  the  s t e r i l i z a t i o n  of p o t t i n g  compounds, mated and occluded 
a r e a s ,  and s p a c e c r a f t  s u r f a c e s  has  been demonstrated. 
2. The d e t a i l e d  s tudy  of i n t e r r e l a t e d  parameters  of formaldehyde gas 
s t e r i l i z a t i o n  revea led  t h a t  e f f i c i e n t  cyc le  c o n d i t i o n s  can be developed 
f o r  t h e  s t e r i l i z a t i o n  of s p a c e c r a f t  components. I t  was determined t h a t  
c e r t a i n  parameters  were more impor tant  than o t h e r s  i n  t h e  development 
of cyc les  f o r  s p e c i f i c  a p p l i c a t i o n s .  
3 .  The use  of formaldehyde g a s  f o r  t h e  s t e r i l i z a t i o n  of  s p a - e c r a f t  
components provides  NASA wi th  a h i g h l y  e f f i c i e n t  method which i a  
inexpensive ,  r ep roduc ib le ,  e a s i l y  q u a n t i t a t e d ,  m a t e r i a l s  compatible ,  
o p e r a t i o n a l l y  s imple,  g e n e r a l l y  non-hazardous and n o t  thermal ly  
d e s t r u c t i v e .  
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Inactivation of Bacil lus stearothermophilus Spores Inoculated 
onto Threads f Stainless  Stee l  Spacecraft Components 
T i m e  I 1.0% Paraformaldehvde* 11 0.1% Paraformaldehvde* 
(hours) I Test Pieces Controls 1 Test Pieces Controls 
I 
*Suspended i n  t richloroe thylene 
TABLE IV 
Inactivation of Bacil lus stearothermophilus Spores Inoculated 
onto Threads af Aluminum Spacecraft Components 






1.0% Paraformaldehyde* 0.1% Paraformaldehyde* 
Test Pie :es Controls 
4 . 1  x lo4 1 . 1  x 105 
1.4  x lo2  1 .4  x lo5 
0 9 . 2  x 10 4 
Test Pieces Controls 
1 .2  x lo1 1 .4  x 10' 
- 
TABLE V 
Inactivation of Bacil lus stearothermophilus Spores on 
-- 
Plated Surfaces of Spacecraft Tubing Connectors ( s ta in le s s  s t e e l )  
a t  60C with 0.1% or 1.0% Paraformaldehyde-Trichloroethylene Spray 
Exposure 1 0.1% Paraformaldehyde I I 1.0% Paraformaldehyde 




Effect of Preconditioning Humidity on the ~ormaldeh~del 
Sterilizatian of SporesL on Paper Strips at 40C 
Exposure Preconditioning D40~-1 mgll value 
Rzlative Humidity Relative Humidity 
(% j (%I (minutes) 
'~ormaldeh~de concentration, 1.0 mg/l 
-- 
6 2~acillus subtilis var. niger, I x 10 spores per strip 
TABLE VII 
Effect of Preconditioning Humidity on the Formaldehyde 1 
S ter i l i za t ion  of spores2 on Sta in less  S tee l  Strips a t  40C 
Exposure Preconditioning D40C-l mg/l value 
Relative Humidity Relative Humidity 
f YI (2) (minutes) 
'~ormaldeh~de concent ration, 1.0 mg/l 
' ~ a c i l l u s  s u b t i l i s  var. niger,  1 x lo6 spores per strip 
TABLE VIII 
Effect of Preconditirning Humidity on the ~ornaldeh~del 
Sterilization of spores2 on Paper Strips at 25C 
-- - 
'xposure Preconditioning D25~-1 mg/l value 
ReLa: ive Humidity Relative Humidity 




50 16 8 
70 -- 
'~ormaldeh~de concentration, 1.0 mg/l 
2 6 Bacillus subtilis var. niger, 1 x 10 spores per strip 
-- = Not tested 
TABLE IX 
-
Effect  of Preconditioning Humidity on the Formaldehyde 1 
S t e r i l i z a t i o n  of spores2 on S ta in l e s s  S t e e l  S tr ips  at  25C 
Exposure Preconditioning D 2 5 ~ - l  mg/l value 
Relative Humidity Relative Humidity 
(2) (%) (minutes) 
'~orrnaldeh~de concentration, 1 .0  mg/ 1 
- 
6 
' ~ a c i l l u s  s u b t i l i s  var. niger ,  1 x 10 spores per s t r i p  

TABLE XI 
Water Vapor in Air at Different Environmental Conditions 
Relative 
Humidity 
( % )  
, 








Sununary of  Data Obtained from Assays of Formaldehyde Zes iduals  on Various Test P i ece s  
l ~ e a s u r e m e n t s  of materials t e s t ed :  
S t a i n l e s s  steel: 1 5  x 50 mm, 3.96g 
Glass:  1 5  x 50 mm, 2.75g 
Polypropylene: 1 5  x 50 mm, 1.218 
Zotton swabs : 0.38 
F i l t e r  paper: 0.3g 
Latex rubber:  1.0g 
S i l i c o n e  rubber: 1. Og 
Polys tyrene:  1.0g 
Immediately A f t e r  Amount of 
-- 



















































1 .0  
1.0 


































Glass s t r i p  
S t e e l  s t r i p  
P l a s t i c  str& 
-----. - - - -. -  
Cotton swab 
Glass s t r i p  
S t e e l  s t r i p  
P l a s t i c  str* 
---- 
Cotton swab 
G- -3s s t r i p  
S t e e l  s t r i p  
P l a s t i c  s t r i p  -- 
Cotton swab 
Glass s t r i p  
S t e e l  s t r i p  
I P l a s t i c  s t r i p  
Cotton swab 
Glass s t r i p  
S t e e l  s t r i p  
P l a s t i c  s t r i p  
Latex rubber 
S i l i c o n e  rubber 
F i l t e r  paper  
F i l t e r  paper 
F i l t e r  paper 
~ o l y s  tyrene2 
~ o l y s  ty rene2  
~ o l y s  tyrene2 

































Summary of Resu l t s  from A l l  T r i a l s  on S t e r i l i z a t i o n  
of t h e  TFS w i t 1 1  Formaldehyde Cas 
of Spores Z e l a t i v e  
Gas Conc. Temp. Humidity Time 
-- 
(%I  (%I  ---- (hours ) 
-~~ 
*Average v a l u e s  f o r  gas concen t ra t ion ,  temperature,  and r e l a t i v e  humidity 
**Test samples exposed t o  formaldehyde and n e u t r a l i z e r  (ammonia) : all 
o t h e r s  exposed t o  formaldehyde only  
TABLE XIV 
-- 
T r i a i  2 - - i3ene t rab i l i t y  of Formaldehyde Gas Through 
Various B a r r i e r  P l a t e r i a l s  
(IISFC T r i a l )  
Type of Harrier ?!a te r ia l  Number of S o r e s *  p e r  S t r i p  s6 l o 7  
----- - ------ -- 
L'olyetl~ylene f i l m ,  1 m i l  O / l * *  011  011  011 
P o l y e t i ~ y l e n e  film, 2 m i l  I 011  0 1 1  011 011 
i-'olyet!~!~lene f i l m ,  4 m i l  011  011  011 
:'olyct!lylene f i l m ,  6 m i l  0 / 1  0 1 1  0 1 1  
Latex r u b s e r ,  s i n g l e  t h i c k n e s s  - - 5 / 5  - 
- -- --.----.-- ----- -.-- -- -- 
:kBacillus s u b t i l l s  v a r .  n i g e r  
------ 
.L -'. 0-Xumber s t e r i l e i n u m b e r  tes ted 
- = 140 t t e s t e d  
". 7 ,. ltsT COiiD1TTO:iS: .:;as c o n c e ~ l t r a t i o n ,  1.27 mg/l ;  Temperature,  66F; 
----- -- 
Z n e l a t i v e  humidi ty ,  4 5 ;  E X F O S U ~ ~  time, 12 hours  
TABLE XV 
T r i a l  4--Penetrabil i ty of Formaldehyde Gas Through 
Various Ba r r i e r  Mater ia ls  
(MSFC T r i a l )  
T v ~ e  of Ba r r i e r  Material Number of Spore-  ser S t r i p  
Polyethylene f i lm,  2 m i l  
Polyethylene f i lm,  4 m i l  
Polyethylene f i lm,  6 m i l  
Cellophane, double thickness 
Latex rubber, s i n g l e  thickness 
Latex rubber, double th ickness  
Cloth-covered urethane foam 212 112 0/2 
*Bacil lus s u b t i l i s  var .  n i g e r  
**Number s te r i l e lnumber  t e s t e d  
- = Not t e s t e d  
TEST CONDITIONS: Gas concentra t ion,  1.41 mg/l; Temperature, 88F; 
X Rela t ive  humidity, 47; Exposure t i m e ,  6 hours 
TABLE XVI 
-- 
T r i a l .  5 - - P e n e t r a b i l i t y  o f  Formaldehyde Gas Through 
Var ious  B a r r i e r  Materials 
(FlSFC T r i a l )  
Number o f  %ores*  p e r  S t r i p  
Type o f  Barrier M a t e r i a l  
P o l y e t h y l e n e  f i l m ,  2 m i l  
P o l y e t h y l e n e  f i l m ,  4 m i l  
P o l y e t h y l e n e  f i l m ,  5 m i l  
Polyethy1c:;e f i l m ,  6 m i l  
Ce l lophane ,  douolc. t h i c k n e s s  I 414 414 2 /4  1'4 
Latex rubbe r ,  s i n g l e  t h i c k n e s s  I - - 8/8 - 
Latex  rubber ,  double  t h i c k n e s s  
Cloth-covered u r e t h a n e  foam 
G l a s s i n e  p a p e r  
Cot ton  p l u g  1 414 414 014 114 
Yolys t y r e n e  f l a s k s ,  s c r evcapped  1 4!4 414 314 214 
- - - 
* B a c i l l u s  - - s u b t i l i s  v a r .  n i g e r  
**Nunber s t e r i l e l n u m b e r  t e s t e d  
- = Not t e s t e d  
TEST CONDITIONS: Gas c o n c e n t r a t i o n ,  1.62 mg/ l ;  'IT mpera tu re ,  8 8 F ;  
-
% Relative humid i ty ,  63; Exposure t i m e ,  6 h o u r s  
TABLE X V I I  
T r i a l  6--Penetrabil i ty of Formaldehyde Gas Thrcugh 
Various Ba r r i e r  Flateriiils 
(MSFC T r i a l )  
Type of Barrier Material  Number of Spores* pe r  S t r i  
Polyethylene f i lm, 5 m i l  
Polyethylene f i lm,  6 m i l  
Polyetitylene f i lm, 2 m i l  
Polyethylene f i lm,  3 m i l  
Cellophane, double thickness 1 OI4 014 014 014 
4/4** 414 414 3!4 
4/ 4 414 414 114 
Latex rubber, s i n g l e  th ickness  
Latex rubber, double thickness 
Polyethylene f i lm, 4 ail 414 414 414 4;4 
Glassine paper 
Cotton plug 
Polystyrene f l a sks ,  acrewcapped 
*Bacillus s u b t i l i s  var.  n i g e r  
** Number s ter i le lnumber  t e s t e d  
- = Not t e s t e d  
TEST C@h9ITIONS: Gas concentra t ion,  1.47 mg/l; Temperature, 92F; 
% Relat ive  humidity, 47; Exposure t i m e ,  6 hours 
TABLE X V I I I  
T r i a l  7--Pe~te t r a b i l i  t y  of Formaldehyde Gas Through 
Various B a r r i e r  Materials 
(MSFC T r i a l )  
Polye thylene  f i l m ,  2 m i l  I 4/4** 414 114 214 
Type of Barrier M a t e r i a l  
Polye thylene  f i l m ,  4 m i l  I 414 4J4 114 214 
Number of  Spores* p e r  S t r i p  
-
104 105 106 107 
Pc lye thy lene  f i lm ,  5 m i l  1 014 214 014 014 
Po lye thy lene  f i l m ,  6 m i l  1 014 114 014 014 
Cellophane , double t h i c k n e s s  1 014 014 014 014 
Latex rubber ,  s i n g l e  t h i c k n e s s  i - - 214 - 
Latex rubber ,  double t h i c k n e s s  I - - 114 - 
G l a s s i n e  pape r  I 314 214 014 114 
Cot ton  p l u g  I 414 2 /4  214 1 / 4  
Po lys ty rene  f l a s k s ,  screwcapped I 414 414 214 214 
*Bac i l lu s  s u b t i l i s  v a r .  n i c e r  
- ..& 
**Number s t e r i l e l n u m b e r  t e s t e d  
- = Not t e s t e d  
TEST CONDITIONS: Gas c o n z z n t r a t i o n  1.60 mg/l; t empera tu re ,  86F; 
% R e l a t i v e  humidi ty ,  48; Exposure t i m e ,  1 2  hours  
TABLE X I X  
T r i a l  8 - -Pene t rab i l i t y  o f  Formaldehyde Gas Through 
Various B a r r i e r  M a t e r i a l s  
(MSFC T r i a l )  
Polye thylene  f i l m ,  2 m i l  I 4/4** 4/11 414 414 
Type of Barrier Material 
Po lye thy lene  f i l m ,  4 m i l  I 414 414 414 414 
Number of  Spores* p e r  S t r i p  
l o 4  105 106 107 
Polye thylene  f i l m ,  5 m i l  I 414 414 414 414 
Polye thylene  f i l m ,  6 m i l  I 314 314 314 4!4 
Cellophane, double t h i c k n e s s  
Latex rubber ,  s i n g l e  t h i c k n e s s  
Latex rubber ,  double t h i c k n e s s  
G l a s s i n e  pape r  1 414 414 314 414 
Cot ton  p lug  1 314 4.14 414 4 /4  
* B a c i l l u s  s u b t i l i s  Tar. n i g e r  
**Number s t e r i l e / n w , b e r  t e s t e d  
- = Not t e s t e d  
TEST CONDITIONS: Gas c o n c e n t r a t i o n  2.08 mg/l; Temperature,  90F, 
% R e l a t i v e  humidi ty ,  47; Exposure t i m e ,  1 2  hours  
FIGURES 
FIGURE 1 : OVERALL VIEW OF W N E R  AND DUCTS 
PRIOR TO MOD1 FICATIONS 
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F l GURE 4 : FORMALDEIIY DE CONCENTRATIONS OURS NG 
EXPOSURE AND AVKOII I A NEUTRALS ZAT S ON CYCLES 
20.32 cm diameter \ 
EXHAUS? PORT \ 
"Purafil" placed in 
t h i s  part of filter 
INTAKE PORT 
20.32 cm diameter 
IR-GAS MIXTURE IN 
5.08 cm high flange 
F I  GURE 5 : FORMALDEHYDE EXTRACTIOIl FI LTER 
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TIME (Hours) 
FIGURE 6 :  FORKALDEHYDE GAS CONCENTRATIONS 





F I G U R E  7 :  L O C A T I O N S  O F  SPORE S T R I P  SETS 
ON CHAHBER WALL, C E I L I N G  AHD FLOOR 
FIGURE 8 :  L O C A T I O N S  OF SPORE S T R I P  SETS 
ON EXTERIOR OF TEMOIBGY FEASIEILITY 
FIGURE 9 :  LOCATIONS OF SPORE S T R I P  
SETS I N S I D E  T E W O W  
fZAS IE I LITY SPACECPAFT 
t 0 - Paraformaldehyde - Lucite - Yelamine formaldehyde - Lucite 
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HOURS 
FIGURE 10: RELEASE O F  FORMALDEHYDE FROM PARAFORMALDEHYDE ( 5 % )  
AND fiELAM1 NE FORMALDEHYDE @. 5%) CONTAI  NED I N L U C I  T E  
D I S C S  MTED AT 6 O 0 c  
Staphylococcus -- aureus - 52 PF 





cd 35 E H
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-- Escherichia - c o l i  - 9 . 5 %  MF 
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FIGURE 11: ZONES OF I N H I B I T I O N  PRODUCED BY LUCITE D I S C S  
CONTAIN I NG 5% PARAFORMALDEHYDE (PF) OR 9.5% 
MELAMINE FORF~ALDEHYDE (MF) PREVIOUSLY HEATED FOR 1-6 
0- Staphylococcus aureus - 9 . 5 %  MF 
A- Escherichia c o l i  - 9 . 5 %  MF 
-
0- Controls and a l l  54 PF 
48 72 
HOURS 
FIGURE 1 2 :  ZONES OF I N H I B I T I O N  PRODUCED BY LUCITE D I S C S  
CONTAINING 5% PARAFORMALDEHYDE OR 9..5% MELAMINE 
FORMALDEHYDE PREVI OUSLY HEATED FOR 24-96 HOURS 
AT 6oc. 
*, a d -  Pmmc.m 0 '  
15 
1 2 3 4 5 6 
HOURS 
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- - 
- - 
0 - Staphylococcus aureus - 9 .5% MF 
- - 
/\ ' Escherichia - c o l i  - 9 . 5 %  MF 
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FIGURE 1 3  :ZONES OF I N H l B I T I O N  PRODUCED BY LUCITE GiSCS 
CONTAIN I NG 5% PARAFOPMALDEHYDE OR 9.5% MELAPI NE 
FORMALDEHYDE PREVIOUSLY HEATED FOR 1-6 HOURS 
AT 90C. 
0 24 48 7 2 96 
HOURS 
FI GURE 14 : RELEASE OF FOl?MNDEhYDE FROM PARAFOfVNLDEHYDE ( 5 % )  AND 
MLAMINE FORlY4LDEHYDE (9 .5%)  CONTAINED IN LUCITE DISCS 
HEATED AT 90°C 
0 - Staphylococcus aureus - 9.5% MF 
/\' Escherichia c o l i  - 9.5% MF 
0- Controls and a l l  5% PF 
HOURS 
FIGLlRE 15: ZONES OF INt.1IBITION PRODUCED BY LUCITE DISCS CONTAINING 
5% P A f ? A F O ~ W I #  OR 9. % MELAMINE FOFWLDEHYDE 
PREVIOUSLY HEATED FOR 24-96 HOURS AT 90C. 
0 - P a r a f ~ r m a l d e h y d e  - L u c i t e  
@,- Melamine Formaldehvde - L u c i t e  
0 1 2 3 4 5 6 
HOURS 
FI GURE 16 : RELEASE OF FOWYWDEHYDE FROM PARAFORMALDEWE ( 5 %  ) AND 
MELAMINE F O W D E ~ E  ( 9 . 5 % )  COMAINED IN WCITE DISCS 
HEATU> AT 125°C. 




FlGURE 17:  ZONES OF INI-IIBITION PROWCED BY LUCITE DISCS CONTAINING 
5% PAR4FORMUWYDE OR 9.5% M E M I N E  F O W H Y D E  
PREVIOUSLY HEATED FOR 1-6 HOURS AT 125C. 
G 24 48 72 96 
HOURS 
FI  6URE 18 : RELEASE LF F O M M E  FROM PARAFOREWWYDE ( 5 %  ) NO 
FaAMlNE FOWWEIVDE ( 9 . 5 % )  CONTAINED I N  LUCITE DISCS 
WTED A ,  1 2 5 O C .  
0 1 2 3 4 5 
HOURS 
FIGURE ig : RELEASE OF F O W E H Y D E  FROY PARAFORPIALDWYDE ( 5 % )  
COEITAINU) IN DISCS OF RTV DURING HEATING AT 6 6 ' ~ .  
0- - ~ t ~ h y 1 o c o c c u s  aureus 
A- Escherichin c o l i  
. -  
0" Control 
FIGURE 20: ZONES OF If+JHIBITION PRODUCED BY l?lV 118 DISCS CONTAINING, 
5% PARAFORMUEWE PREVIOUSLY IiEATED FOR 1-6 HOURS 
AT 60C. 
@- Staphylococcus  a u r e u s  ----. 
t a- E s c h e r i r h i a  c o l i  - ---- 0- Cont ro l  I- 
FIGRE 2 1  : ZOFIES 3F INtiIBITION PFODUCED EV PT?, 731 DISCS CCNTAIrl!NT: 
5 2  PAF!AFGRMLDEHYDE PREVIOLJSLY HEATED FOP 1-6 tOI.RS 
AT 6oc. 
0 1 2 3 4 5 6 
HOURS 
FICUE 22 : RELEASE OF FORFEWt-iYDE FROM IRAC 110 (10.6%) -AINU) 




FIGURE 23: ZONES OF INHIBITION PRODUCED BY RTV 3140DISCS 
OOrJTAIMING 10.6% UREA FORfWDE.cP/DE PPEVI OUSLY HEATED 
FOR 1-6HOWRS AT 60C. 
1 L 3 J 4 - 5 6 
HOURS 
FIGYRE 2 1 :  ZONES OF INl1IEITION PRODUCED BY RTV 118 DISCS ONTAINIMG 
10.6%' UREA F O W I i Y D E  PREVIOUSLY HEATED FOR 1-6 HOURS 
AT 60C. 
0 2 4 6 8' 10 12 14 
DAYS 
FIGURE 25 : REEASE OF FOlIMAWHYK FROM PARAF0RMAU)EtiYDE (5X 1, ElAMINE 
F O ~ ~  (905%) AND UREA FORfWEHYDE (10.6% ) COWAINEIj 
IN CtEM SEAL DISCS HEPIET) AT 
10 ( 
1 3 5 7 9 11 13 
DAYS 
FIGURE 26: INHIBITIW OF Sta~hylococcus aureus BY CHPl SEAL DISCS 
aXCTAI N I FIG PARAFO WHYE (&) , MIAMI NE FORM4LDE)iYE 
(9, E) , PND UREA FORM~DEHYDE (10,6Z) PREVI OUSLV 
HEATED A i  6QC, 
DAYS 
FIGURE 27: INACTIVATION OF Baci 1 lus s tearothermophi lus SPODFI; 
- 
STRI F; EE~ECMD IN RTV 3147 CQNTAI 1.1 ING PARAFOSWLDE.W[: 
E DURING CURING AT 25 (*?I C. 
F - " " '  Con t ro 1s 
24 48 
" EXPOSURE TIME, HOURS 
FIGlJRE 28: INACTIVATION OF Baci 1 1 us s tearothemphi 1 us SPORES ON 
STRIPS ~ m m m  IN RN 3140 COMAINING MEWINE FOME- 
W E  (I8%) OR UREA FO-DE (Z8L!) 3URING HEATING 
AT 60C. 
0 12 24 36 48 
EXPOSURE TIME, HOURS 
No Paraformaldehyde 
I 
1 X  Paraf ormaldehyde 
EXPOSURE TIME, DAYS 
FIGURE 30: INACTIVATION OF Gacf 1 lus stearothemphilus S p ~ s  IN 
CHEFl SEAL 3457 CONTAII.sIP#; . I %  PAF3FOFWtJ)W AT 25C 
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FIGUFE 2:  INACTIVATION OF Baci 1 ,us stearothermophi lus SPORES dl4 
-- 
O C C U D  SURFACES ( T H ~ S ~  !IF SPACECRPFT NBI kG CONNKDRS 
Control pieces 
Experimental pieces 
EXPOSIRE TIME, HOURS 
FIGURE 33: INACTIVATION OF Bacillus stearothermophilus SPORES ON O C C W  
AREAS OF SPACECMFT HARDWARE WITH 9.M PARAR-E- 
TR I CHLOROEMYW4E SPRAY m 
lo6 
Control p i e c e s  
lo5 
E x p e r i ~ ~ e n t a l  p i e c e s  
lo4 
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FIGLRE 9: INACTIVATION OF Baci 1 lus stearothermophilus SPORES ON 
WTED SURFACES OF SPACECRAFT TLB I NG CONNEC'ORS %STAINLESS 
STEEL) AT MC WITH lI PARAF~IYWDMM)E - TRIaWROR1SYLEPlE 
SPRAY o 
EXPOSURE TIME, HOURS 
FIGURE 35: INACTIVATION OF Baci 1 1 us -- r tearothermophi 1 us SPORES ON 
MATED SURFACES OF SPACECRAFT TLBING aMhECrORS (STAINLESS 
STEEO AT 60C WITH O,LT P A R ~ \ R ) ~ H Y D E  - TRICHLOROE-WLENE 
SPRAY 8 
Percent Relative Humidity During 
Preconditioning and Curing 
I Exposure K. H .  - 30% 
Temperature - 40C 
Formaldehyde Concen trat 
1 . 0  mgll 
*Preconditioning R . H .  
I 
EXPOSURE TIME, HOURS 
FIGURE 7: INACTIVATION OF Bacillus subtilis var. niger SPORES 
ON PAPER STRIPS AT XE WPOSLRE RmH, 
Exposure R.H. - 50% 
Temperature - 40C 
Formaldehyde Concentration - 
1.0 mgll 
*Preconditioning R.H. 
0 1 2 3 4 5 6 7 
EXPOSURE Tim, HOURS 
FIGURE 38: INACTIVATI~ OF Bacillus s u b t i l i s  var. niger SPORES 
ON PAPER STRIPS AT EXPOSURE R.H, 
0 1 2 3 4 5 6 7 
EXPOSURE TIME, HOURS 
FIUJRE 3: INACTIVATION OF Bacillus subtilis var. niger SPORES 
ON PAPER STRIPS AT E)BOSUfE Ro H 0 
*Preconditioning R.H. 
0 1 2 3 4 5 6 7 
EXPOSURE TIME, HOURS 
FIGURE 40: INACTIVATION OF Bacillus subti l i s  w. swr&s 
ON STAINLESS STEEL STRIPS AT MWSURE R,H, 
FIGURE 41: INACTIVATION OF Bac i l lus  subtills var. niger WOES 
ON STAINLESS STEEL AT % EXPOSURE RIH, 
10 I I I I I I 
! 
Exposure R.H. - 70% 
Temperature - 40C 
*Preconditioning R.H. 
0 1 2 3 4 5 6 7 
EXPOSURE TIME, HOURS 
FIGURE 42: INACTIVATION OF paci 1 lus s b t i l i s  var. n55ger 
ON STAINLESS STEEL AT 7 8  EXPOSURE Rm Ha 
Exposure R . H .  - 30% 
Temperature - 25C 
Formaldehyde Concent 
*Preconditioning R.H. 4 
0 2 4 6 8 10 12 14 1618 20 22 24 26 28 
EXPOSURE TIME, HOURS 
FIGM 6: INACTIVATION OF Bacillus subti l ls  var. niger SPORES 
ON FILTER PPBER STRIPS 
Exposure R.H. - 50% 1 
Temperature - 2SC I 
Formaldehyde concentration 
1.0 mg/l 
EXPOSURE TIME, HOURS 
FIGURE 44: INACTIVATT"?I O F _ B a c i l l u s  s u b t i l i s  var. n i g e r  SFWES 
ON FILTER PAPER STRIPS 
*Preconditioning R.H. 
FIGURE 45: INACTIVATION OF Bacillus s u b t i l i s  var.  n iger  SPORES 
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FIGURE 46: INACTIVATION OF Faci 1 lus subti l i s  var. n iger  SPORES 
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FIGlJRE 43: INACTIVATION OF Baci 1 1 ~ s  subt i  l i s  var. niger SPORES 
ON STAINLESS STEEL STRIPS 
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FIGURE 49: INACTIVATION OF BARRIER-OUMSED SPORES OF 
Bacillus subtilis var. niger 
EXPOSURE TIME, HOURS 




PROPERTIES OF PARAFORMALDEHYDE* 
Assay, as formaldehyde, w t  %, min 
Ash, w t  %, max 
Iron, ppm by w t ,  max 
Acidity, as f ~ r m i c ,  w t  %, max 
Water, w t  %, max 
Appearance 
Odor 
Flash point,  Tag open cup, F approx. 
Igni t ion  tzmperature, F approx. 
Methanol content 
Explosive l i m i t s  foz formaldehyde gas: 
Per cent by volume i n  a i r ,  
Lower l i m i t  
Upper l i m i t  











Solubi l i ty  of paraformaldehyde is a function of pH and temperature; 
most soluble  a t  pH extremes and ref lwr temperature. 
* "Paraf~rmaldehyde, '~ Celanese Chemical Company, Division of 
Celanese Corporation, New York, New York (' ; I ) .  
MELAMINE FORMALDEHYDE 
I 









A P P E N D I X  
FI GURE 1 : STRUCTURE OF MELACI NE FORIIALDE,.IYDE 
DIMETHYLOL UREA 
H H O H H - -  
I I I I I  I 
H O - C - N - C - N - C  -OH 
I I 
H H 
FIGURE 2 :  STRUCTURE OF UREA FORMALDEHYDE 
PHENOL FORMALDEHYDE 
ORTHO - METHYLOLPHENOL 
METHYLENE PHENOL 
H-C-H 
A P P E N D I X  
t I  CURE 3; STRUCTURE OF PHENOL FORMALDEHYDE 
PARAFORMALDEHYDE 
A P ? E N D I X  
FIGURE 4: STRUCTURE OF PARAFORMALDEHYDE 
1 x 1 Daci 1 lus stearothermophi lus SPORES 
--
STRIP STRIP I S  SEALED TEFLON WRP-PPED STRIP EMBEDDED 
( 4  x 2 5 m )  I N  TEFLON I N  RTV CONTAINING STERILAhlT ADDITI ';ES 
STRIPS EMBEDDED I N  RTV I N  PETRI DISH 
FOR EXPOSURE TO ELEVATED TEMPERATURES 
RECO7XRY TO ALLOW CONTROLLED RELEASE OF STERILANT 
MEDILW GAS. 
STRIP REMOVED BSEPTICALLY 
AFTER EXPOSURE PERIOD FOR 
ATTRIBUTE OR QUANTITATIVE DATA. 
A P P E N D I X  
FIGURE 5 : EPBEDDING PROCEDURE FOP VERI FI CATIOIJ 
OF INTERNAL STERILITY OF POTTING COMPOUND 
